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s THORNTON AND THOMPSON: THE ‘ABSOLUTE MEASUREMENT OF 


lixnited to this accuracy of statement, though they may 
made to a. higher degree of certainty. 

One method of measuring high potentials that has 
nc>t hitherto been fully explored offers advantages within 
*fclae above restriction. An ellipsoid suspended between 
P^lane vertical metallic surfaces at different potentials 
is polarized by the field and, if placed at an angle to it, 
-experiences a torque which brings it into line. The 
^Xia,gnitude of this torque can be calculated when the 
xiOLaterial and dimensions of the ellipsoid and the intensity 
the undisturbed field are known, and can be observed 
eittier by static deflections or by allowing the suspended 
iiody to make small swings about a position of rest in 
line with the field. 

Measurements made for the purpose of finding the 
<iielectric constants of solid insulators have shown that 
1:lais method is capable of high accuracy which depends 
la;rgely on the perfection of form of thie ellipsoids,* As 



Fig. 1.—^Enlaxged image of ellipsoid. 

Length = 3*9692 cm. * Mass = 2*0496 grammes. 

Diameter = 0 * 5970 cm. Moment of iner^ =1*65 g-cm^. 

Volume = 0*7388 cm3. 

;SL matter of interest one of the ellipsoids in the above 
aresearch was gilded and used to measure the intensity 
of the field. By a comparison of the value obtained 
with' electromagnetic ’ measurements of the voltage, 
'^ralues of c were found dose enough to the accepted 
values to warrant a trial of the method as a means of 
measuring electric fields in electrostatic units.f 

The method is only suitable for pressures high enough 
ibo maintain a field of several hundreds of volts per cm 
at± the centre of the space between the plates, while at 
fpjLe same time the ratio of distance between plates to 
length of the ellipsoid should not be less than 25 if an 
4ax:curacy above 1 in 1 000 is required. One advantage 
of such an instrument is that the calculations and 
-vvorking formulae are simple and involve only the 
xnaasurements of the dim the ellipsoid and of 

±±3 time of spring or deflection. The mechanical arrange- 
xrieht is dsp simple but, if it is to ^ to a standard, 

fftke instrument mtist be large. . In that to be described, 
for the measurement of voltage up to 200 000 vdth a 
deOTed accuracy of I in 1 000, the plates are 140 cm 
diauneter and 100 cin a 

. The ellipisoids used in the previous work were made 
toy Messrs. A. and Co. vnth such perfection that 
optical enlargemeht to 20 times or more the actual size 
jfailed to show a departure from the calculated ellipse 
of the same axial dinxensions to as much as the thickness 

* ProQU^so/^Roy(aSoiHety,Ayim,vol,B2, v^m, 

^ t ** A New Method of masaldag v/ * Tramoaions of fht VniversUy of Durham 


of a fine pencil line in an image 6 cm diameter and 
40 cm long. It is the possibility of being able to rely 
on such workmanship that gives to the method, as it 
did to that of Pdrpt and Fabry, the first quality of an 
absolute standard instrument, an exact knowledge of 
the dimensions of the working part; in the present case 
this was a duralumin ellipsoid of revolution 0*59 cm 
diameter and 3-9 cm long (see Fig. 1). 


(2) Theory of Instrument.* • 

The torque on the suspension of an insulated con¬ 
ducting ellipsoid, the longer axis of which makes an 
angle d with the electric field F, is B sin 0 co.s 0, where 
B == F^V(L — N/LN)f V is the volume of the body, and 
L and N are coefficients which depend only upon its 
shape. For a prolate ellipsoid of eccentricity v the longi¬ 
tudinal coefficient 



and the transverse coefficient 



Wlien the ellipsoid is held .steadilj'' in the p<Ksition 0 
by torsion ^ of the suspension the torque i.s a maximum 
at an angle of 46®. At smaller values of 0 it is 

%A<j> ^ B sin %0 
LN 


i?2 ^ . .--.1™ 

— iV Fsm2^/ 


where A is found by experiment. The field is measured 
by observing the angle of tonsion requited to hold the 
ellipsoid steady at an angle 0 to it. 

When allowed to make small swings about the line of 
the field the motion of the ellipsoid is given by 

10+ A0 ^Bsiu0tos0 ^i) . , . (2) 

I being the moment of inertia about the axis of sus¬ 
pension. 

A is then found from the free period with no field 
on, when B is zero and 

— 27r>^i, or A ^ • . (3) 

being the number of free swings in a .second. 

For most of the work to be described the amplitude 
of swing was a few degrees and to a close approximation 
the equation of motion is 

. . . . ( 4 ^ 

The number of swings per second is tlien 



A + B^A7M 


F jD - AT L - 

See Proceedings of the Royal Society, toe. cit., p, 412. 




■p’ = A(»i 


high electrical pressures. 


where k (the constaat of the instrument) 

L-Nj 

r.I“ ss 

‘d'MUtely >m»U *° “ 


~ -b e^. 


Table 1. 




in which 


”i ~ + ly/8“*) approx. 

^ = b { ia / b ) + 1 } 
y=.3{(^/B)aa + sinaa} 


Distance * ftom 
centre 


0 

O'2799 
0-5696 
0-8397 
1-H96 
1*3996 
1-6790 
1-9593 


Diameter 


Observed 

0-2985 

0-2948 

0-2844 

0-2704 

0-2453 

0-2100 

0-1677 

0-0434 


Calculated 

0-2986 

0-2964 

0-2861 

0-2704 

0-2466 

0-2114 

0-1697 

0-0516 


1-000 

0-999 

0-996 

1-000 

0-996 

0-998 

0-994 

0-840 


b.^ cTSTS,! 

possible ranges. ^ ^ temperature within 
(3) The Ellipsoid. 

In order that the difference (n»~n») should K. n. 

l8*'ge as possible in a given field -*. 

ellipsoid should be 

prefemnce to ^uirLce^™ ^ “ 

to a high ajiH i+Q /lea ‘ 4 ^ • ^ ^oie easily worked 

e^tsSSS ofsivA No 

beyond the anm-oximg'f Sivct to Messrs. Hilger 

measurements were 0-6070 cnTd’T^^T’ 

long. diameter and 3-9694 cm 

optically to 26-6um and thA h t ^ enlarged 
irom o' «'«5 cm. I(s togfl, 

3-969^ cm, was taken L ^ determinations, ' 

calculated fr^ SS The volume 

section, is 0*7408 cm 3 ^ * assuming true elliptical *” 

b'tb. fflipsold 

*nmor 0 */i 97 ft aW/i Z axis 4*9692 and the 

«b.« tb. 

in 1 00^* ^ *b “bblly S parts 

ordering the hmiiSr^A v “ ' 

asked fm. MrlSL g Dot - 

“latical and at^al form between mathe- 

*Bany times. ^® being enlarged 

Iba v»l«„. ctOcaaw fa,„ th, observed fora. ..s 


tbo ooo„r»y of the 

Ibis ™ fSrS 

inertia and the densitv v^rw moment of 

weighing. obtained by careful 

a rigid ellipsoid in 

The change in the moment of inertia is 

10 + '■2 + + rjTj + rj»|J 

piameter:--0-6970 cm at IS-C 
Length:—3-9692 cm 
Volume;—0-7388 cm 3 
Density;-—2-7742 
^ginal mass:—2-0496 grammes 

Moment of mertia:-!-6609 g-emSbefore bushing 

1* 6639 g-cm® after bushing . 

__ Tabus 2. 


2-27 2-26 
1-68 1-60 


3-16 9-9856 
3-06 9-3026 
2-90 8-4100 
2-63 6-9164 
2-26 6-1076 
1-60 2-8661 
0-466 0-2139 


443-6 0-02260 

416-6 0-02230 


371-6 

308-6 

227-6 

128-6 


0^02260 

0-02241 

0-02244 

0-02221 


11-6 0-01860 


c - , Natdo of enlargement = io-7!> 

Wmajor a^ of enlarged image = 21-276 cm 

Sem,.mmor axis pf enlarged im4e^ ^ 

; * «^== 462.6 cm 


Diameter* cm 


4 THORNTON AND THOMPSON: THE ABSOLUTE MEASUREMENT OF 

The polarization coefficients L and N, the most 
important factors in the accuracy of the method, require 
the eccentricity e. 

To determine this the enlarged image of the ellipsoid 
was divided into equal parts on either side of the centre 
and the ordinates were measmred with as great accuracy 
as measurements on paper permit, and iu Table 2 
are on opposite sides of the axis. 



Distance alon^ axis, cm 


Fig. 2.—<k>inparison between actual and mathematical forms of the ellipsoid. 


regarded as the most probable value of e® to be uj 
in calculating L and N, 

Taking e « 0-9893, « 0-9787 and ^ = 0-96J 

the longitudinal coefficient N = 0-4489, and the tra 
verse coefficient L = 6-0626, whence 


The difEerences between and y^ as measured illus¬ 
trate the difficulty of working from an enlargement, for 
by the method of shaping the ellipsoid they must be 
equal. 

The average value of 1 — ^ is 0-97761. 

Omitting the last line in Table 2, 0-97761; 

including it, = 0*97914. 

The weights to be given to the readings are, however, 
not equal, for the torque is proportional to the product 
of charge oh any ring element of the surface and its 
distance from the axis of suspension. 

Weighting the values in this way, by taking moments 
about the axis, =,;Q-97872. 

The point of the ellipsoid plays so iinportant a part 
in the conccntratioh of ihe field tha^^ be 


From the previous figures, 

ll /1-6639 , 

so that 

. 6-2832 X 1-4962 x 0-6967(n2 - n|)* 

= 6 • 65^n2 — ngj i electrostatic units, 

Or, assuming c = 3 X 10^^ 

F* = 1 966(n® cm . . (' 

Knowing from the spacing D of the plates and tb 
tests applied that the field at the centre is uniform, tb 
total applied voltage is 






SUSPENSIO.N. 

between two flat parallel plates diverges at 
me? SJ^ ^ calculated or obsLed 

S to SoM S? ^ edges are turned 

the DotenHflt «f <^charge, for where this occurs 
niaimer^*^Thf> ^“ductor may vary in a remarkable 
manner spacmg of the plates having been deter 

to?iSnd?n elhpsoid, the diameter was chosen 
Th» at the centre, 

i-ne plates were made 140 cm diameter with si r™ 

1 «m«» „ 1 W ^ .pacalT^S ■» Z 
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Slf plates, but the 

t^tment of two parallel circular dfecJ 
K that by Dr. J. W. S. Nicholson.* Ilie proSem 2 
Ssi? ^^thematical complerdiy. The surface 
d^srty on the inner side of the plates, of radius a is 
there given by the expression for equal potentials ’ 

~ 4irV~ (?.u.) 

be appUed to discs with 
rolled edges, at the present time there is no analytical 
solution of this most important practical probleni K 


Table 3. 


Distance from Time of 
centre-line 20 swings 




0-36 

0-36 

0-35 

0-346 

0-326 

0-293 

0-244 


0-837 

0-637 

0-637 

0-632 

0-613 

0-480 

0-426 


1-000 

1-000 

1-000 

0-992 

0*966 

0-896 

0-794 


ap^ as a ma^um The distance could be varied bv 
a screw adj^tment from the foot supports and rlilT 

tte high-tension plate from an overhead girder while 

^ee Fig. 3). Inter the high-tension plate was suonorted 
from bdow and rigidly attached to the ea^ pfK 
bakelwed pap« tubes; the instrument could then S 
moved about the laboratory. “ 

method of ascertaining the uniformitv 
of the field be^een circular parallel plates is by e:^^ I 
2®“^- ^ ^otograph of its distribution^is Sven 
m men-ffar^ Handbuch der Experimental PhyTh 
(vol 10, G. Hoffman: “Das Elekfrostatische pSd” 
Wm ’ M®' i; other references are quoted by 
him. Ma^eUt gave a diagram of the spreaiSng effS 

* J, C. MAXWELtf _ ^ 


®°^'^®d by the superposition of the field 
be^^n two toroids upon that of the parallel discs, 
but It would not be readily given a practical form. 

^ ordCT to examine the uniformity of the field 

“ **‘® rnJ^2 

me^c elhpsoid 1 cm long was suspended so that its 
co^ be corned wheeled to ^oS 
parts of the field. The results given in Table 3 arj 

SaSTT?^ ^ P^® between Se 

plates, whi^ar® 140 cm diameter. The free period was 

4-00 seconds per complete osciUation; ng = 0 - 0626 . 

of 60 cm^*^ is therefore quite uniform over a diameter 

-.hJw suspension of the eUipsoid and 

siueld are given in Fig. 4, ^ 

rr,^^. Sim was a steady deflection instru- 

of *be “irror type, capable of reading over a wide 
I S voltage, special consideration was given to the 
■0W0« so s» to cMm . pottotooM sL 

SlLbST'*??' ptoblsm was com- 

plicated by the fact that no metal could be brought 

instrument, and yet metal slides 
Md screw feed were essential to the successful operation 
V ®’^S]^“sion control. Bakelized paper tubes 
rirfS iS*’^® themselves, gave the necessarj^ 
AfS ]^ben mMe up mto a 6-bar frame (see Fig. 3) 

mot^li^i,°^ ^ '^®^ of the field.^was 

moimted the adjustmg gear consisting of a saddle 

of^f ®^°°*bly on steel guides, while from the bottom 
XaM '^0™ suspended the draught tube and 

deflection case the elhpsoid was 
bung by a bifilar suspension from a torsion head, the 

oimnoyel SocUty, A. 1«S4, vd. 224. p. SOS 
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sensitivity of the instrument being controlled by a 
damp (Fig. 6) mounted on a piston sHding in the tube 
and actuated by the screw arrangement. When the 
clamp was lowered or raised the twlstable length of 


Suspension 

control-^ 

Bi-filar_ 

suspension 

Bayonet 

fitting*^ 

Confocal 

shield--^ 

Ellipsoid*^ 



Oash-pot V 

Mirror A 
damper 



Fig, 4. 


under ordinary conditions, it was unable to withstand 
shock. Recourse was finally had to unspun silk, whicli 
has proved quite satisfactory. 

(5) The Calibration of the Transformer Voltage 
BY Sphere Spark-Gap. 

Much work has been done under the direction of tlu? 
International Electrotechnical Commission in connection 
with the standardization of the sphere spark-gap a.s a 
means of measuring high voltages. Curves of calibra¬ 
tion have been published from time to time which give 
the distance at which a spark will pass between wcll- 
polished spheres of given sizes. Unfortunately these do 
not yet agree. Paschen*s law has been verified over 
the whole range of gas pressure and temperature likely 
to be met with in practice, and sphere-gap moasuronients 
depend upon this for their consistency. 

Measurement by spark discharge is not th(^ must 




Primary #voRs 



SO voflr. 



Fig. 6a.—P rimary wav<i-fonn». 


which wiU ]»mmlaiued la^ th« 

mm worMug by the metood of steady dedectious 



Fro. 6.—^Suspension clamp. 


the ellipsoid was fitted with a varnished conical paper 
tnl^ which carried the mirror dear of the plates into 
a <^amber containing a damping pot. This was made 
metaJhc to shield the mirror from the field. Attempts 
were made to use a metal suspension but it was found 
that a vioiCTit lateral oscillatiQn occurred. Glass was 
^o tried but, although mechanically strong enough 


L .....J.„„;. ^ J 


TIBvuIu. 


Fig. 6b,—W ave>{orm correction factor. 

wltage does not greatly depend upon the size of i 
^ possible when calibrating a vt 
m ter by the sphere-gap, using a 2-kW transformer, 
w without the surface of the sphe 

desteoyed, though individual readings may dit 
by several per cent. e / 

It is desirable for exMt measurement that the appl; 






^^lor Alaough tl» 

the **” “"*•“« twangs on 

sr=»,^-HH 
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while tte primary voltage was measured to I part in 1 OOft 

' o« a standard Weston instrument. 1000 

(6) The Influence of the Spacing of the Plates. 

It fought that the charges induced on the 

S S^te“Sf distribulSn 

m charge on the pole-plates and have an appreciable 

Sth fi!n S ellipsoid making a finite angle 

the field has not been worked out, but the following 

indicates the 

order of disturbance to be expected. 


the aupsoid voitoeter end tte sphere-gnp 
in S^'Ttn'rS 

sphere-gap readings ior^hI^ge*Jfw?vyS‘'S^ b^ 

--y -ading: 

dueto ^rlowt the capacitance load 

s^rrfn ^ T*-”* hh^-sr? 

;^'p"rLirr„sa:;oTo.S“^p£ 

secondary voltage was determined by sphere spark-g^. 


20 40--- 

Primary volts 
transformer due to voltmeter. 



^arde ^ 2vy(XI2>r) cos e dsA 

ss‘S”i’ST»r^‘’ •" “ 

Oi «d<o™ 4gn«lsS»ir«J'‘S|„‘:,*^'T‘*>' 

uniform magnetic field.. . ellipsoid in a 

The charge dg on the element 

o ■X'd?/ 


^F4emants of the Matliematical ITieory of Electricity 
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and the charge per xvait length of the elUpsoid 
^ dx~ 

The total charge on one half of the ellipsoid is 

coJ^si f® **“86 on a parallel-plate 

the nole^lai^« very small compared with that on 

iKmo of ^ chaxge on one end of the dlipsoid is 
1/28 000 of that on the plates. 

the vertical axis and carrying a charge 8y (Fig. 8). 


Writing « me, where m = the re¬ 

sultant field on the ellipsoid due to the summation of 
forces over the surface superposed on the original field 
is then 


Xj — X, 


,fl + r* ^ 6* 


SDa^dx ] 
(JD»- 4*2)2] 


/> varied during the experiment from 

0*26 to 0*04, the latter being the working value. The 

foi^ power of this is negligible for the present purpose 
and we take r y ^ 





- -4^- 


I*iG. 8,-Ellipsoid and images. 

Tliese forces are:— 

• (1) An attraction (Sg^)2/(4rc^) between elements of oppo- 
site polanty on the surface of the ellipsoid, and 
directed towards the centre. 

(2) An attraction (Sg)a/(X> - 2x)^ to the opposite 

image m the nearest plate, and away from the 
centre. 

(3) An attraction towards the centre (Sff)V(D -I- 2®!* 

to the image in the fax plate. ' 

The total force towaxds the centre on the element is 

"f" (X) -I- 2»)* ~ [d I^x)^ 
and is less than, in an infinite uniform field. 

The force separating the charges on the surface is 
therefore greater than in a perfectly uniform field with 
no pole-plates present. Writing the equivalent field 
added by the reaction a.s X'jwe haye 

(a) If there were no reaction (and Xj then zero) 

the attraction of the separated charges being in equili-. 
brium with the influence of the initial applied field X 

(b) The added force in the x direction ^ 


8X)a5(S3)® 
“ ( X >2 _ 4 * 8)2 


(X> + 2*)®_ 


or X, (the force on unit charge) = f ^ 




aAto ] 

r- (»2/p8)j 


where h ■■ 


Xo 

J)®a2 ‘ N‘ 


Thus £1 = 1 + log g + «V8 _ gg\ 

•^0 D — 0^8 d) 

Writing the last two terms as O we have 

= -^od + o) 

The influence of the reaction of the charges induced 
on the elhpsoid by the field upon the distribution of 
Sh Poie-Plfes is to increase the initial 

Sr A elhpsoid by an amount OX^ making 

jme total field as a first approximation X, = X, -|- OX„ 
m charges on the elhpsoid are therefore increased Si 
this proportion and these added charges give as a second 
approxunation 

•^2 “-X^o + CXi^Xj -|-aXo(l +0) =Xo{l +0(1 + O)} 

= -^0 + OX^. and by 
tte^weU-known method of successive images the final 

X = X„{l+0(1+0(1+0 . . .} 

^ = -Xofl + O + 02 + 08 + o* . . .} 
that is X = Xo/(l - 0). 

. T7 ^ ^ = W -/^o). where / is a 

constant depending on the intensity of the field. Since 

/ IS very small, X = Xq + /X2 is a close approximation 

to the resultant field. 

^ ®“' VS = 2-828, ay's 

^ues of X and the resultant increase of 
field for different spacmgs 2) are given in Table 4. 

Table 4. 

Voltage between Plates s: 50 hV. 


(electrostatic 

units) 


Percentage 
increase ol 
field 


0*000467 0-003046 0*3046 

0*000048 0*00016 0-016 

0*000019 0*000042 0*00422 

0-000010 0-0000166 0*00166 


The observed results are shown in Fig. 9, 




9 



S SS” '“."° •“*» "“M l« W««d 

vow a Ti,SL^^ *=“) “d with this 

400 to 8M graxhents from 

point from 11 206 ^olt€! ^ gradients at the 

certainly ions formerl K upwards, there are 

Until^e point is 
to lose its chSe ite 

field strength. ^ “otion is a regulai- function of the 

to ti» added 

calibrating the t^fomTr ^ “ .ti^® determined by 

cunent'^ttO ^ capacitance 

distance betwein S). +S^ “ aversely proportional to the 
rise in vow Sif*! calculated 

observed with' 4e j ° reactance, above that 

with that obtained agrees substantially 

used the rise of its^e^nda^™+^ transformer (2 kV) is 
capacitive reactance i<! »terminal voltage due to 
tuL the rSn^Av^®,?:^ possible exror 

e reaction of the ellipsoids on the pole-plates, 


is not suitable for use in test-rooms where there is ccn 
tinuo^ movement, unless strong fields are Sed. 

draue’M-tT+*° eUipsoid and suspension firom 

draughts it was enclosed in a long bakehte tube, 

Table 6 . 

Open-circuit voltage = 39 *4kV. 


Spacing 

Reactance 

voltage 

Terminal 

voltage 

Per cent 
inczease 

cm 

100 

volts 

7 080 

volts 

40 000 

0 

90 

7 840 

40 140 

0-36 

80 

8 850 

40 360 

0-87 

70 

' 10100 

40 680 

1*70 

60 

11800 

41 110 

2-77 


Observed 

increase 


percent 

0 

0-25 

0*76 

1*66 

2-8 


wdo id th, 

bp c»™«nd a„ tnb, inp. 

S'** 
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similar piece of foil was bound tightly around the out¬ 
side. The capacitance was then determined by com¬ 
parison with a standard condenser by the ballistic 
method. 


Capacitance of standard = 0 * 026 ^ 

Mean deflection =17*0 di^ions 

Mean deflection of cylinder = 2-9 divisions 
Capacitance == 0-00235 uF 

Length = 69 in. 

Thickness =0-126 in. 

Internal diameter =s 2 in. 


tte value of the field Inside the tube as 76 per cent of 
tte ^ternal field, from which it was concluded iiat the 
two-dimensional case was not a sufficiently good approxi- 
mation to use. 


The refraction of the vertical component of the three- 
rnmensional field does not lend itself to exact determina- 
tion. The tube was therefore cut into two parts and 
cemented to a sphencal Pyrex glass vessel set concentric 
With the elhpsoid. 

The r^us of this vessel was chosen to be 6-7 cm 
for at this value the shell cohforms very nearly to an 
equipotential surface 


kV 
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10.—Effect of various types of shield 
is ?d constant calculated from these data 

BiTO?bVd'^P°- tbe cylindrical case is 

S the^fieM applying his method the value 

the tube was found to be 

cent of the original field. ■ 
tube'*®IJipsoid was suspended inside the 

l^am of Hght bemg projected up the tube. This 
♦ 1897-8, vol. 40, p. S16. 


th^ry of sluelding by a spherical magnetic shell 
appHcable in ffie present 
value in his expressions the known 

^ue of the drelectac constant k for the material erf 

where ^ bejj^g the inner and rf the tmter 









r3<iius. In our case r' = 3 • 
for Pyrex glass. 

= 1 064 •' 

^^ence of 2 per cent. A^po^Se S^ce of L 

^ vessel, and to 
rem^y this the shield was coated with non-hysroscoraV 
vamish. An i^ediate improvement was ap^^nt amd 

in Table 6 and plotted iTFiTlO ^ 

Thus whenever it is advisable or necessary to enclose 
the elhpsoid, the field within the spherical^dosiS ^ 


curvature may be taken as about 1 mm 
l recombinatiS 

“ reversed is not ii 
I S2”r <iischarge. and the space beclS 

»f the i)£3‘'•'t •>■' ■»««»«■ 

^ homogeneous sphere of dielectric 
onstant e placed m a uniform field F is less than Se 

undisturbed field* in the ratio „ the observed 

fieldis J’j the apparent dielectric constant/c == ('s^ - 2 '). 
Since J-^ inversely proportional to the period of^swing. 
°° V'T ~ ^)' ^ the period at atmospheric 

between 

IS linear and is a very sensitive means nf 
measunng change of gas pressure within a closed glass 


Table 6. 


Condition 


Primary voltage 


Unvarnished flask 
Varnished flask 


volts 

89 

89 

71 

64 


Period 


4*3 

4-2 

3-36 

2-66 


Apparent field 


46-7 

46-8 

37-5 

28>5 


Eeal field 


49-5 

49-6 

39-6 

30-2 


Values of 1/flr after 
sliielding 


a ,«a«r 

(8) The Ineluence of Air Pressure 

<«p-- 

known. pressure is lowered are well 

the period was very nearly constant isee Pis’ 

and It was recognised that the 4 within the v^!!^ 

J^ahd Ch.^ 

^ere would undoubtedly be a dischare^e tm™ + 1 . 

P»mt o. «* prSfSa^S: 


percent 

92-2 

94-66 

94-7 

94-6 


apparent dielectric constant of an ioniz^vapour 
Table 7. 


Air pressure 


760 

460 

260 

200 

160 

100 

60 

20 

10 

6 


Period 


Secs. 

1^9 

1*95 

2-00 

2*03 

2*07 

2-42 

3*40 

4-70 

6*0 

7*9 


1*04 X lOh 
4-96 X lOh 
8-71 X lOU 
14-4 X lOh 
1- 36 X 10“ 
1-04 X IffW 
3-96 X 10“ 
8 - 32 X 10“ 
18-3 X 10“ 


n/ir 


2-6 X 10-18 
2-1 X 10-12 
4-6 X 10-“ 
10-3 X 10-12 

1- 45 X 10-11 

2- 34 X 10-« 

2- 13 X 10-8 
8-96 X 10-8 

3- 96 X 10-7 


P.U.®- ■•«>« MSttheanttical Tb^ Electricity end Megnetlsm. 
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Hence in unit space, witb D « 1, 


^ ^ Ij ^ 


__ 

^\T ) T 

= 46'0 X ~ 1^ ions per cm® 

Xq being in volts per cm. 
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Fig. II.—-Effect of pressure. 

apart 

observed values of y an/i 
calculated values of n are given in Table 7. 

Tabij: 8. 


150 

126 

100 

90 

80 

70 

60 

60 

40 

30 

20 


n 


Pl-Pt 

14-4 X lOU 



46-7X10“ 

0-6016 

25 

136-6 X 10“ 

0-4720 

25 

213 X 10“ 

0-1966 

10 

322 X 10“ 

0-1796 

10 

604 X 10“ 

0-1946 

10 

726 X 10“ 

I 0-1676 

10 

1 040 X 10“ 

0-1661 

10 

1636 X 10“ 

0-1966 

10 ’ 

2 340 X 10“ 

0-1667 

10 

3 960 X 10“ 

. • ■ . ■ ' . 

0-2286 

10 


Pi-Pt 


0-0200 

0-0188 

0-0196 

0-0179 

0-0194 

0-0167 

0-0166 

0-0196 

0-0166 

0-0228 


n/js xs that of the 
to the molecules of gas per cm®. 


ions present 


Hence, ^though the number of ions present is exceed- 

fiflv small COTnna.r#»/1 -nn-l-'K _-• • _ . 



,- "umoeroi molecules 

s^eirfjzs:" ^ “-"®^ 

“ logarithmic except at the start 
and which are rather indeterminate. 

Table = *(Pi - Pa) we get the figures in 

“orease in the ionic content of the 
P^^o®®“re IS lowered, the esternal electric 
constant throughout, is nearly logarithmic 
greater part of the range, within the Unfits of 
expenmental error. 

(9) The Influence of Tempeeature. 

The field is proportional to 




in which the ratio LN/{L - N) is independent of tern- 
perature range, so that “ 

I ^ 3m 2 — 1 

V 20 1 - e®‘^l a6) 

in which a is the coefficient of linear expansion and 6 the 

LL- « 

wifich gives a difference of 0-0082 per cent per degree. 

^ of 10 degrees C. in room temperature the 

aimed at in the present .work; 

Both »2 and n§ vary inversely as the moment of 

mertia, and »® directly as the volume. 

can be made as small as possible by the choice of 
^^^on, and Ihe change of volume of the eUipsoid 
temperature ^ be regarded as having a neguSbly 

smaU mfiuence on the measurements. s s 


(10) Experimental Results. 

method of procedure when dealing with the 
osoUatmg elUpsoid was to set the primary^oltage to 
sphere-^p voltage on^the seconds^ and 
elliosoid * ^ number of small swings of the 

^ convenient to project a beam 

the side of the svkging body 
so that a pomt of l^ht, due to the convex mnxor effect 
ra^along its polished surface wiih each swST ' 

a ^®^ ^ the method of Gauss with 

Which was standardized in 
udi^g by a seconds pendulum controlled from 

A of each set of swings depended on the 




■-•P 






Table 9. 

Spacing 100 cm; free period 100 secs. 


Primary volts 
(R.M.S.) 

-Sphere-gap volts 

on secondary 

Number of 
swings 

Duration 

Period 

•✓(«*— nj) 

F 

(electrostatic 

units) 

PxD 

VJFD 

89-8 

89-52 

72-1 

70-36 

63-4 

63-2 

36-6 

36-8 

60 000 

49 800 

40 600 

39 600 
30100 

29 900 
20100 
20200 

20 

20 

20 

20 

10 

10 

10 

10 

79-6 

79-0 

97-0 

1 99-8 

64-9 
66-26 
97-0 
97-4 

3-976 

3- 960 

4- 860 
4-990 
6-490 
6-626 
9-700 
9-740 

0-266 

0-2636 

0-2061 

0-2001 

0-1640 

0-1632 

0-1031 

0-1026 

1-669 

1-668 

1-360 

1-310 

1-008 

1-003 

0-673 

0-675 

166-900 

166-800 

136-000 

131-000 

100-800 

100-800 

67-300 

67-600 

299- 68 

300- 2 

300- 0 

301- 6 
298-6 
298-0 

298- 9 

299- 0 


stet cTn,^ xr* to that in electro¬ 

static umts. The mean value is 299 • 97 

^ From the r^ulte for the different spadngs the derived 
curves shown m Fig, 9 were obtained. 


It is essenti^ that the earth plate be earthed by a 
cable properly bonded to it. ^ 

® steady-deflection type of instrument 
Its absolute calibration requires a knowledge of the 

Table 10. 


kV 

Fa 

20 

sin 20 

Fasin2tf 

sin 20 

20 

66-0 

60-0. 

60-0 

40*0 

300 

20i0 

10*0 

4 366 X 108 

3 600 X 108 

2 600 X 108 

1 600 X 10« 

900 X 108 

400 X 108 

100 X 10« 

16*6® 

13*0® 

9*1® 

5*9® 

3*4® 

1*6® 

0*4® 

0-9837 

0-9744 

0-9784 

0-9947 

0-9982 

0-9996 

0-9999 

4196-0 X 10« 
3607-8 X 108 
2446-0 X lO* 
1691-62 X 108 
909-38 X 108 
399-84 X 10® 
99-99 X 10® 

2-69 X 10® 

2-70 X 108 

2-69 X 108 

2-70 X 10® 

2-67 X 10® 

2-60 X 10® 

2-60 X 10® 


Sus 

Table 11. 

pension 70 cm; initial angle 46*. with shield. 


kV 

F2 

20 

sin 20 

Fa sin 20 

Fa sin 20 
~2^ 

66*7 

60-0 

60-0 

40-0 

30*0 

20*0 

10*0 

• 

Tf* Txrill Ka ooA-n 

4 449 X 108 

3 600 X 108 

2 600 X 108 

1 600 X 108 

900 X 108 

400 X 108 

100 X 108 

4.1. ...J. it_ 

14*0® 

11*6® 

8*10® 

5*20® 

2*92® 

1*30® 

0*33® 

0-9703 

0-9799 

0-9900 

0-9960 

0-9987 

0-9997 

0-9997 

4 217 X 10« 

3 630 X 10« 

2 476 X 10« 

1 692 X 10« 

897 X 108 

■399-9 X 10® 
99-97 X 10« 

■ 

3-07 X 10® 

3-06 X 10® 

3-06 X 10® 

3-06 X 10® 

3-07 X 10® 

3-06 X 10® 

3-03 X 10® 

(Mean 3-063 X 10®) 


^ accurate results the sparing 
Atadosespactogof 
16 cm the elhpsoid has a tendency to instabmty Ld 


suspension. This can be 
obtain^ ^ am oscillation method and a value of the 
moment of mertia of the moving parts; alternatively a 
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known torque could be applied to the suspension by 
mechanical or electromagnetic means. 

A more direct method of approach is to accept the 

ler 


(11) Determination of Ratio of 
The ratio c of the electromagnetic unit to the elect 
static unit of quantity has been tlie .subject of a uuiul 



30 

H.T voltage 

V^UM Of Which should be consistent among themselves ’ I-1-1-T " ' .. 

for ae proper working of the instrument. 

The equation is 60---- --- 

A<l> 4- 

S sin 0 cos ^ = 0 I _I I I 

.4 = _ _ 6»^sin 2d | 

H 2^ 50—-— -— . . 

S! «“p“d 

polufaiao. r* 

8»---- 

I —_ 

areshownin Table<i in 11 ^ ^ results Q / 

The j ^ plotted in Kg. 12. 20 _ / 

”»»■«««, show, a - 7 ^--- 


—w... * w bwuu.jr v» tXMlI * 

Suspension 70 cm. 

of ^eful determinatioas both optical ami .•|.•l:^r^lal 
Althouerh the G!!merirn<»nfe .. . . , 




fl; 

"Itow 


instrument s^wsTde,^.« ^P®^°^ -_ I ^ ^ 

0-33 t)er cent ^ ^«lied on to I ( j j ) 

scale of 5 ft. ra^ns and conU ®' ofrcnlar ” ^ * 

Ptom the data already obteinedSe^ ^ i[“5® °i oHipsoW voItiii.-t.-r f..r 

can be determined by thecal scale form 0-200 000 volt,. ^ 

^ ^ ^ determining the ratiW tw ^ 

the nnits at low freqnc^^^ 








electrostatic quantities 
OTder^f ^ “ ®*Perie“ced in obtaining a reasonable 
of accuracy. On the electromagnetic side the 
problem is not so simple, involving as it does the 

TOuld te done by a capacitance method, but the recmit 

“• BrilU. Electtfa.l1Si 

Ihed industnes Research Association on sphere-gaos I 
operation under the condi4>L 

thSf ^ comparison which, 

I iSe i^mS n? J r®^® “ elements, yet allows 
a large number of determmations to be easily made. 
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spher^gap calibration are international units while 
.^se determined by the elUpsoid voltmeter are in C.(S. 

* ®*Pi’ess their ratio when both are in C.G.S 
umte ihe figures of the last column in Table 9 must be 

rSf ?g| KT^ interSoiS 

iriSk ttfrittS “ 

hJ^K previous measurements is given 

to IV Sir F. E. Sririth Im 

By isolating the centre portion of the earthed elate 

s 



Ellipsoid voltmeter 


4 Sphere gap 







Sbffity ^ ^ 

Sf corrections'^ being rigSy aJK" 

^d the n®w E.R.A. values, which hive had 
confinmtion in connection with corona weS toS 
laboratory, were used (see Fig. 14 ). o k m this 

table 9, the observations m which were taken without 

S voteT,T°^°“ determining c, gives the JimSiJ 
? f/l«cb^ostatic unit of pressime as determ^ed 

c Jf^ 99T?"i^r*- <=°^o«Ponds to a vaSro^ 

'^.®^fion coefficient 1-000016, corresponding to 
the spacing used, giving 2-996 x 10 » as a fffial valle^ 
The voltages given by Whitehead and Castelllin for 

[The discussion on this pa^er 


_ DU 

Primary voltage 

Fig. 14.-Comparison of ellipsoid voltmeter and sphere gap. 


oo«^f ®^ove agreement it is considered 

foo^Si^' voltages of the order of 100 000 to 

SSd to ^^accur^y of 1 part in 1000 by this absolute 
wit^ w'ori, to measure these voltages 

rSo ^ O’^der, sly 

1 OW volts, and, imhke the sphere spark-gap method'^ 

obsttvatfatt of Z voat^e 
thp reqi^ements of a standard are fulfilled by 

Je iMtrument in that it may be readily reproducS 
tom ffimrasions to any desired order of accuracy and 
that it is absolute, in electrostatic measure. ^ 

Acknowledgment. 

thanking 

for a^^ * Of Scaentific and Industrial Research 
to beSeSf ^ ^ ^ enabled the work 

will be found on page 16.] 
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mORNTON ANP THOMPSON, THE ABSOLUTE MEASUREMENT O F 

Discussion before The Institution, 21st January, 1932 . 


Dr. E. H. Rayner: I do not suppose that a paper 



tc measurement oi voltage has been brought 
l^ore the ^titution in the last 60 years. Possibly the 
Kelvin discussed the subject in connection 
vwth the attracted-disc electrometer, but I know of no 
raective work in this country since then. At the 
"“T^u of Standards a few years ago 1 saw parts of an 
absolute attracted-disc electrometer for about 200 kV 
whi^ was being constructed to the designs of IMt. 
u I am not aware what results have 

be^ obtained from it There is also the very beautiful 
instrument of the attracted-disc type working in com- 
P^efsed ihtrogen up to 260 kV (RJM.S.) which was 
deagned by A. Palm.* Under a pressure of 12 atmo- 
sp^es the clearance can be kept down to 4 cm. The 
^trurnmt 18 of an absolute ^^le, the voltage being 
^OTla^ from the measured force and dimensi on, ? . 
With ttese exceptions the subject has been left sevaely 
alone by workers aiming at some precision, and has only 
^ ^ploy^ by teachers and examiners as a method 
learning or powers of imagination of 

st^te. One reason for this is that voltage is a more 
abstr^ quantity to deal with than current or resistance. 

R^toce c^ be incorporated in a material of suitable 

4 . 5 “ ^ of values and 

gxticulax purpose required. Current 
conductors of desired dimensions 
is a more abstruse quantity 
Acfi^+r^’ *^0“ an absolute point of view. 

A^urate compansons of voltages axe generaUy easy 

of o. but they are usually carried out by means 

associated with 
Ihis difficulty is 

re^ed m the recogmzed methods of dealing with tee 

volt. 

ine oto and the ampere are regarded as the nrimarv 
q^taties, to be determined on the absolute^ C.S 

SSw from them. Without 

at^ptmg to be dogmatic on the subject I would 

I* » pMosopkicJ cmse 

jK^ist^ce has the dimensions of velocity so 

whiA V*simpler than the other two, 

resistance^^^if^T^^ **’^**^'To evaluate 
Sed ® dimensional quantity 

- V ^ dimensions. Resistance mav 

an^tve^L^'*T!®^* as a product of induction an^ 
velocity^ It IS obtained in this manner by the 

SSoiL^^’^r^^-ST mi:Lmtrs 

of force. One form dimensions 

.?« one form of apparatus for evaluating a 

T A. Palm: At. , «. .. ® 


measure is the ampere haiat,,., 
noids whose linear dimensions are capable of beinip 
accurately measured are wound on marble cylinders 
for the fixed and for the smaller moving coils tite latter 
being sus^ded from the ends of f iS “ 

y 9S in the ordi na ry Kelvin balance 
S balanced by the ^s atSio^Ta i T. 
few g^es. The weight of the mass is^rSd 
MMssite^ a knowledge of the local value S “e >' 

Thedimensionsofvol4e 

(M Lni ^ are more compheated, and this ouantitv1« 

S derived^fr^m%ie 

1* i» "iihhtei It 

ta^2 portable in terms of a portable resis- 

it +hA ^ “ nature provides 

rt. the essential element is constancy, reproducibihtv 

^mum ceU IS chosen, and its e.m.f. in volts as drt^! 
from the ohm and ampere naturally co4ins 

fraction^ digits. The value is 1-018+, depe^ing upon 

tem^ture and details of manufactoe. A 
abMlute measurements affords an opportuffite for 
y present, and future position of the 

le^cal units on which much research has been and 

1«81 an International cSie^ce 

•+ 4 formulated a common syrstem of electrical 
mts for the whole world founded upon the centimetre 
grmnme, ^d second, and independ^t of Se^oSS 
of partculm substances. It w4. however 

a s^em of units could not be established at once on 
dohf^mdation,. He «t of “ 

accuracy required would 


1920, vol. 1, p, 137 . 


SSminr to thank Glerk MaxweU, Kelvin, Jd 

2SSSe^S^ih“ attended that 

TOiffCTenc^ for the scientific method and foresight 

whnffi reamed the delegates from adopting the 32 

un^l2 “ common use, e.g. those dqiending 

the re^ce of metals having I pacticiilS fo3 

units'^SrS'tte 1*2 f of the intemationai 

h2 bi2 tent2°5f trustworthiness 

bS^Li of^i^® goal has not yet been attained. 
emnwLT^ ^ the meantime 

agreement with them have 

bS brS.t'^ ^®®® **®^® to time 

^ brought closer in value to the C.G.S. units as 

developed, chiefly 

S w ^® P^'^Pal national laboratories 

24 ..r ^® remember, however, that 

2o22^*^i,— precision was carried out by 

piOTeer workers m eaxHesr years. Not the least im- 

done in this country by Maxwell 

present ttol w bemg actively pursued at the 

***® of three of the 
national laboratones have met in the past year, and 
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• out compansons of the electrical units as 

SSTbS f laboratories. It is hoped 

• r subject will be on a sufficiently 

empirical units, depending upon 
silver saltl^*+ o mercury and the electrochemistry of 
a cfmS?’ -\° ^ “ "^^ti^ods of reding 

thir^ international system of units. The timf 
wluch has elapsed since 1881 may seem long the end 

wiS Xr r attainment 

r<So!^i.ft Whereas an accuracy of 1 part in 

i^uTt hi T o”® time, to-day 

into»maf 1 of agreement among primary 

sins .h f“ order to^ensm^ 

throuvhnii+^h”^”'^ia high-class working standards 
electrfpJi in all the various branches of the 

2S?to numerical value 

STitra^S ?«®®ti^®ly used. The intemationi 

unite are therefore defined to six significant figures in 

that^ +h ^.dequate agreement, with the loiowledge 
unite ®^® ^■PP'^i^lily different from the C.G.S. 
units. The difference is not large, the greatest dis- 
CTepancy b^g perhaps 20 parte in 100 000; when the 
do^tv h p-f'-S- units is made (and it is hoped to 
SsufS -u^i ®f®'^^fi°i»al agreement before long) the 
result will be practically inappreciable in all orSnarv 
me^urements The measurement of voltage SSS 
makmg use of an electric current resolves itself into the 
determnmtion of the value of an electric field. This 
may be done either by observing the effect of the field 
immersed in it. or by measuring the 
mechamcal fOTce on a conductor forming a boun(W of 
toe field. The authors have chosen the former m^od 

instrument; wSfS 
attracte(Misc electrometer, a 2-electrode type. maTr^., 

conditions of the problem, 
partacularly as regards the attraction type of instru- 

®leotoometer toe 


^ (Potential gradient)* =—. Zr 

^ cm.toenP=l/(4n.) dyne, 
winch IS 1^ than 0-0001 g. A practical inst^menS 

higher voltages might have a gradient of 26 C.G S unite 
per cm. i.e. 7 600 volte per cm. The force on a^ area 
of lOO^a would then be about 6 000 dynes (less than 
6 g). This at once gives an idea of the difficulty of the 
abs<ffute measi^ment of voltage. To obtain a suffi- 
c^ntiy intense force for measurement to a bVh degree 
of ^ecirion (1 in 10 000 or 1 in 100 000) an intSse 
electee field of the order of 6 000 volte per cm has to 
be used. ^ the voltage is considerably less than 6 000 
wits much smaller working distances than 1 cm mav 
te distance must be known to 1 part 

S ^ P“^ “ 10 000 is aimed at 

Further the 6 g^per 100 cm* mentioned ab6ve woS 
u^maUy have to be an addition to a larger dead weight 
The computatim of toe effective area bf an atSd 
disc, allpwmg for its edges, is a serious matter A 


)f standard of voltage of toe order of 6 000 volte would be 
IS mconvement. If it were to be of practical use it would 
Z numerical voltage of a standard 

I ^^Sht be regarded as a 

? S generatmg a unit for international purposes 
f to step-dovm would have to be determined with an 

S accuracy of 1 in 100 000. The authors by skill and 

i pe^verance have arrived at the results given in Table 9. 
ut in my opmion toe foundation of some of the many 

S ^®s«lts 

I +h^ to mdicate. They depend on various quantities; 
i to^is the measurement of the voltmeter in Column 1 
r i “ f secondary standard for the measure- 

- ^ ^ voltage, the primary standard of which 

/ T sir (Column 2). I confess to 

i a doubt as to the trustworthiness of the breakdown of 
‘ standard of voltage for precision pur- 

p ses. The authors suggest on page 1 that differences 
Of 2 per cent may occur, and that by tailing sufficient 
rradmgs a result reliable to 1 in 1 000 is obtainable 
This seems to me a doubtful metliod of obtaining 
a^i^cy. and it depends on the real value of someone 
elMs ineasurements of similar phenomena, made with 
different apparatus and in different surroundings. The 
form factor of the machine and equipment has to be 
town to a high degree of accuracy; for this purpose 
^ os^ograph has been reUed upon as an instrument 
accuracies of values to 4 and 6 signi- 
fiemt ^res depending upon its indications. The 
authors fimUy arrive at a value for the number of volte 
m an elec^tatic unit field, approximately 300 (last 
colu^). The apparent accuracy of Column 8—6 or 6 
significant figures—is arrived at by multiplying the 

T T ‘^^tonce between 

toe plates). The last two digits of Column 8 are tliere- 
fore of no significance. I should much have preferred 
to have s^n the arrangement worked backwards, as 
foUws. Measure experimentally the electric field by 
M^ations. calculate the voltage from the product of 
field £md separation, assume the value of the number of 
volte (about 300) in 1 electrostatic unit, and deduce toe 
spark-over voltage, knowing the form factor. The four 
significMt figures in toe last column of Table 9 imply a 
toowMp of toe spark-gap setting to toe same de»ee 
of prmsion. There is no mention of the method adopted 
I of obtammg this accuracy, nor is toe size of the sph^es 
steted. :aere is a serious limitation as regards the use 
of the swmgmg-elKpsoid method. The electric field at 
toe ends of the eUipsoid is many times the average 
value m toe space surrounding it. The authors gife 
an m^ce of 28 times. This means that a toe 
separation of the inducing plates must be used for 
^pamtively low voltages.’ in order to prevent the 
producrion of corona at the ends of the elUpsoid. Thev 
^ a field up to 1-7 electrostatic unite per cm. i.e 

parallel-plate condenser have 
CMl^d fields of the order of 10 000 volte per cm (i e 
20James as much) to be satisfactorily used. The 
autoora talk of measuring up to 200 kilovolts. Their 
actual measurements seem to have been only carried 
up to about one-third of this figure, and three times the 
voltage would requi^ apparatus of about three times the 
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linear dimensions. For many purposes the measure¬ 
ment of the peak value of the voltage is more important 
than that of R.M.S. voltage. The peak value is the 
quantity required in determining electric strength, and 
its use avoids any assumptions as to form factor of the 
generating plant or ratio of the transformer. The 
authors^ method would seem to be difficult to apply to 
peak-value measurements, and the measurement of 
steady high d.c. voltages of the order, of 100 to 200 kV 
would prove difficult, as the ellipsoid and its supports 
could not be maintained at nearly such a high voltage 
as under alternating fields. Leakage would become 


Jhgh-voltage condenser 
Rectifier 


.Electrostatic voltmeters 
Fig. a. 


toublesome. It seems to me that the authors have gone 
a long and difficult way round when shorter, simpler, 
Md co^derably more precise methods of measinring 
ffigh volteg^ are available for proving the correctness 

^®®®“«“‘ents of voltage usually 
^ the use of a potential divider. Up to ^traiatinff 
^es of 20 or 40 kV, resistor divider^ are commoffiy 

‘^P^tance dividers are very 
valuable. They may take the form of a high-voltS 
^ condense in series with a fixed or a varfable iffiL 

Z measure?^ 

an electrostatic instrument capable of an accuracy of 


High-voltage condenser 


Rectifiers 


D.G. ammeter 


;• Fig. B. . 

™ ^ ^ accurate knowledge of the 

(®«g- A) The^methbridge measurement 
^ mettiod 18 at once applicable also to 
pea^ v^u© measurements, bv rer+i’fTn«« u. 

knowledge ^ th?M™^l“ requires an accurate 
denser (Kg B) Mv the bigh-voltage con- 

Laborato^' Sve com^^X? Ebysicd 



e- to 1 or 2 parts in 1 000. The results and the details of 
at the methods have been published by the Institution.* 
lie Dr. A. Russell: I had the privilege of sitting in 
id Lord Kelvin’s classes some 60 yeai-s ago, when ho dis- 
le cussed the properties of ellipsoids enthusiastically and 
le at great length. Those, however, were tlio diiys before 
to Prof. Thornton’s applications of the theory were made, 
jf No one would have appreciated this ellip.soidal method 
V more ttan Kelvin. Fig. 14, showing liow the readings 
a of Whitehead and Castellain agree with those obtained 

e by the authors’ method, would have given him great 
e satisfaction. Treatises on absolute measurements always 
pve one the impression that the measurements are 
immensely difficult, as indeed they are if one attempts 
to obtain the highest accuracy. As rugard.s the value of 
c, the ratio of tlie electromagnetic to the electrostatic 
unit of charge, this was rouglily determined 00 or 70 
years ago at Glasgow University by one of Kelvin’s 
assistants. Sir F. E. Smith and other.s have shown 
that the value of the ratio can be found in a .student's 
laboratory to an accuracy of 1 per cent. I once weighed 
the attraction between two spheres by means of a 
chemical balance at voltages between 20 000 and 30 000 
volts, and obtained values for o which wore lcs.s than 1 
per cent inaccurate. No special precaution.s were taken. 
The balance was made ready for the test in al«»ut an 
hour. Ordinary metal balls, such as are employed in 
Wimshurst machines, were used, and I wsis .surprised 
to get such accurate results, seeing that the bulls were 
omy approximately spherical. I found out.sub.swiueatly 
mt Snow Harris, when weighing electrostatic uttrac- 
riOM a century ago, had also noticed thi.s effect. I 
b^eve Kelvin proved theoretically th.-it t he attraction 
iMtween metal bodies is indeixmdent of their exact 
Shape; thus at the same distance two ellipsoids will 
at^t each other with ahnost the .same fort o as two 
sp eres. Although practically all the* t>xperiment©ni 
who use metal spheres for absolute mcsisnranents take 
^a.t pains to make them mechanically perfect, judginir 

evidence I have examined^ 
mu^ of their labour 19 unnecessary. I remember once 
^ found out mathematically how 
siiflr.1. <^a’P^jtance of an ellipsoid changes w-hen its 
£2tant. ' volume remains ; 

diffi^nS* jDr. Rayner. I have some 

why the authora consider 

^Sffiteble of absolute voltmeter is 

^uitable for high voltages. The electric strength of - 

M 000 atmospheric pressure is of tlie order of ; 

factor of safet^n fberefore with a rea.sonable 

we ^e feSSTaf ^ “ ordinary form factor. i 

^ m working at 6 000 or 7 000 volts per i 

between tw^ | 

2^ ^®'^ grammes for a disc I 

need not^hf a disc, made of aluminium, § 

and ^ of more than 10 or 12 g, 1 

that deg«i S I 
matterTf a chemical balance is s^ly a 1 

Furthermore, I canLt i 

““‘‘y “I”" «» »»"1 I 






the instrument. In the first place, the high-volta«e 
plate can be above the working plate with the attracted 
disc in it. The whole of the working parts of the 
instrument could be at earth potential, and I thinv it 
is clear that the dimensions would be less thgn the 
authors indicate. Assuming (as I think is justifiable) 
that we can work with a higher electrostatic stress and 
that the distribution of the electrostatic field at the 
surface of the plates is no less uniform than in the 
intervening space, it would seem that even for voltages 
of 200 kV the plates need be only 35 to 40 cm ap^ 
and, using the same ratio of dimensions as has Len 
adopted by the authors, plates of about 60 or 6S-cm 
diameter with well-curved edges should be sufficient. 
Moreover, I think that such an instrument could easily 
be made. The disc electrometer is more simple for use 
at very high voltages. It involves no greater stresses 
as the high-voltage plate is merely put at such a height 
that the voltage gradient in the air is kept below the 
safe limit. If the distance apart of the plates is as large 
as 36 or 40 cm. it is not so essential that the plane s of 
tte plate and of its guard ring should be so absolutely 
identical as they are in the, low-voltage instrument It 
is a smaU matter to support the attracted disc on springs 
a^d by using a little optical lever we could get a deflec- 
tional instrument. With a separation of 36 to 40 cm 
a 0*1 mm movement of the disc above or below the 
plane of the plate cannot be a serious factor, and this dis¬ 
placement would be more than sufficient for a large deflec- 
other hand, the condenser-potentiometer 
method of working lends itself to a very high degree 
of accuracy, provided that the electrostatic voltmeter is 
of constat capacitMce. If the lower-voltage condenser 
w of sufficiently high capacitance small variations of 
the iMtrument capacitance do not matter. I do not 
^ why a very high order of accuracy should not be 

arrangement. Had I been 
problem of producing an absolute 
voltages. I should have designed an 
guard-ring ^ectro- 
appreciate the theoretical and experi- 

i. producmg abSt. 

instrument for such Ingh voltages. 

sati£ctl[™ would be more 

^^actory if ttem apparatus had been checked against 

adopted^ standard than the one they have 

®°^‘l«“ser arrangemmit described by Dr. 
^yner would be exceUent for checldng pvjo^ 

to ; 

values siven fn a* ^ the three possible j 

i^u^ given for are 0-97761. 0-97914 and 0^97872 - 

variation of about 1 - 6 parts in 1 OOo! ] 

t^s w! L asxdN depend on e. Again, e 

paraU^ to tl^nlat ^® of the field s 

have been madF'i- *^ot other measurements 1 

mentStoS^^®? Iftheinstru- t 

say, it mustbefittPi?°^^'^®^^’“^^®® sphere-gaps, h 

me ^T tte shield, and it seems to c 

joint iUustot^^ -l—the bayonet y 
the field in a direr K 4 must prevent uniformity of e] 

Held in a direction at right angles to the plates. It , it 
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S the authors' statements tba-t a 

he sr>K ^®*^*'® 2 per cent is possible between individtte^l 

it readings and that it is necessary to take -tli® 

he °‘‘tain results reliable to 1 

le) w ^ V ^^® ^®^®^ “ apparently held in maO-y 
Id *® ®Ph«re-gap is accurate to mxicli 

le rS only asinglereadingis necessary- 

le ’Whether the authors can see a»y 

5s tii^ “®® instrument at voltages of 

^ tte order of lOOOkV. The problem of accurately 
■n a ^'^“8 ■voltages of this order is a very difficult one. 
n mt^ed to note from Dr. Rayner's remarlcs 

t. 1 nno method enabl^ one to measure 

V accuracy. How many readings of tlie 

» rPOTiif*^- necessary to obtain accurate 

^nlts m any given case? Is it better than the sphere- 
*- gap in this respect? ^ 

p ®®®*‘ instrument described by the 

B indications proportional to the R.M:.S. 

f firsf^ •’ ®®,!hat if two equal voltages are applied, tire 
T ^®®* *’^® alternating, the instru- 

t ^ *^® ®®“® deflection in each case, irre- 

of the wave-form of the a.c. voltage. There 
’ fipw V between the measurement of magnetic 

of magnetic needle and the measurement 

‘ ellipsoid, in that the obser- 

• vataon of the penodic time is the only one taken. The 

' “ "®®d because it is 

• tile only body of suitable shape for which 

toe full thwry has been d®veloped. The elhpsoid would 

nampT ?® another point of view, 

^ely that because of its rounded surfaces it will not 
so re^y give rise to brush discharge and corona when 
K s electrostatic fields. There is 

lit^ doubt ihat an absolute method of measuring hiffh 
voltages, particularly alternating high vbltages is 
necessary. It is remarkable that the "grid" scheme 
p evolved and put into operation without such 

a stan^rd being developed, much less employed. In 
of toe enormous quantities of power to be trans- 
im^ ovOT the gnd system at high voltages, it becomes 
of mcreasmg importance that the exact voltage should 
b® toown, for the power deUvered to a circuit is pro¬ 
portional to toe square of the voltage, and a small 
per^ntage inaccuracy in the high-tension voltage mav 
had t(^ considerable loss' of power. With regard to 
sf^t®>iient that toe instrament is 
suitable for use on direct current, it is well known that 
one cannot employ toe condenser multiplier for tho 
Inurement of high-tension direct current. I£ one 
attempts to do so, toe reading of the indicating instru- 
mrat (^um®d to be itself an electrostatic voltmeter! 
will either creep up and beyond its fuU scale limit or 
I down until it reads zero. The explanation is 
simple. It is not possible to get two condensers whose 
leakances me in the ratio of their capacitances. Thus 
over a period of time one condenser is charged lip more 
than to® ®toer. _ I shbuld like to ask, therefore, what 
happ^ in the^case of toe ellipsoid voltmeter on direct 
current, regarding it as two condensers in seri^ Also 
iyhat ,h^ toe^®ct of impressing a static charge on the 
e]^psoid? The theory of the instrument (page 2\ 

myolyes toe moment of inertia of the eUipsoid, Ld 1 ^ 
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^ould be interested to know how it is possible to deter 

a^rately Presumbly it would be 

made2^«« ^eriment, comparison being 

niaae with an accurately turned _ ® 
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auMiiute standard comes into use, it will be inter 

^^nL those obtained by meaS^ 5 

th?t^'Ss 

amount of mathematical'S’tJSA ^ ““tod 

of a time of oscillation The ^ ^ observation 

forces is usuaUy raS^dJSrdSr,^^ “ 

gravitational forces for example deahng with 

make measnremente with *° 

toeion baUiS to J ""h ““ “ 

the advantages of the e*** ^ e as to 

ments, but that none ofthew feSh “ 
absolute. First there is th! 

Kelvin volt-batoce whieh a voltmeter or 

and in most forms of whictT^h ^ precision, 

' attracted disc the movement of the 

Secondly, there is the type £ wS“L^mo 
IS very much reduceH in ^ moving plate 

«th„V«to •“ •**« 

opticaUy. Thirdly, there i the ^plified 

moving plate is replaced by a fibre 

can be observed through a «f- “ motion of which 

have been devised mmn The last two 

object is to reduce theSSe t^eir 

plate, but neither is absSute “o^wng or attracted 

authors wheth^ttef Sv?'d I “^® 

of the voltmeter by both the n ^® ooo®tants 

defiection method S ^eSS^S T" 
from these measurements Aa r *^’^® <lednced 

which the constoJ dSnd Tt”®" ff^onsions upon 

to co„p.„ th, 1 

an oscillator and (M with d "®®'^ W ®s 

quantity n„ can be found ifSed 1“ 

Of inertia ^d torsion constant mvi inoment 

If * is the '• field » constant^wn^® tte“ *^® 
is the;- voltage » constant, J l “ * 

use of the sphere-eao fm- i, i ^®g^ards the 
the results given in the nane measurement, 

Castellain and To^ttoed wW thos® which Mr! 

p” 


ttat we did not regard the sphere-gap as comparable 
£hA yoltaeter; nevertheless, my experience 

that under experiments shows 

®“*^*^*® conditions the sphere-gap will give 

zrs\S“^'°; “ pibiyiLjis: 

e tse of'^e I h connection 

^ sphere-gap is to know when it will 

uLT f rLT^ ^^^mer in advising the 

EkcWra? potential-divider, which in the 

Electecal Research Association is employed for the 

■^oltages.^ :^e potential 

De obtM^ to a fair order of accuracy by calibration 
H a suiteble design is adopted one can beLre that the’ 
mfao ^1 remmn constant, so that if there is £IrJor 
The potent d^“d tlmoughout the measurements. 

rEfr " 

s£ch tto^"®? difficulties of the electrometer a£e 

b». s V'y'”'? 

SS?Xr?n£i??h?r light whto 

tAitai^ a ^ measurements made by Mr Cas- 

'b"* “1 tae eS. t®™'? 
tbe effect^ authors have examined 

the plates. 

ions? Bvustniy an • ^ificially-introduced 

ispossibletoremwe«f““f^i'^*^ ®'“*3'i’i® window it 
and ther^ 

of, W, M. Thorntoii and Dr W r* 'T»»iyv 
(m reply) :^Dr Ravn^»r T.oe ^ Thompson 

the wtoe qu^tiS^h^ T ^ceUent review of 

mental units butin ®^ **^® funda- 

national Electrn+^?^**i ^®"'^^T therulingoftheInter- 

Standards atfeaS J2! Aif ^ 
voI. |'p^m““^ and p,BARBA«i Jourtua if Sciemifie 











the^ottilr advantages as a standard which 

experience has confirmed tiiis, 
^eUipsoid voltmeter is simple to make, robust, easily 
re^, and gives true R.M.S, values. There iras no 
^ instrument to measure e except 

Se f example of how 

tte check was apphed. Thatthe values of the rfgnificant 

fi^r^ of c are M good as they are gave us the aS^ce 
wLn instrument frequently 

traii<?fn°°^^^””® R.M.S. and crest values of our 260-kV 

measured by 

m^ of the sphere spark-gap. In reply to Dr. Rayner'^ 
question as to ^ge. this particula^ instrument^th 

^oss It without flashing over. In the wLk described 
m the papCT it was only used up to 60 kV, for at that 
ime we had only one transformer available from which 
a sme-wave secondary voltage could be obtained. Pot 

voltmeter call- 

SimStlT . For use in test rooms this 

* IS very convenient as it avoids aU spark- 
to(*arge measurements. Its use for this purpose wiU 
to d=,mb«d to a p^. 

^ work was simplification of accurate measurement of 

^ apparatus under 

d*® wave-form to a differmt extent and 
gives different peak values. 

Russell’s remarlis on the accuKicy possible in 

interesting. In the 
. ,of atiracted spheres, or mdeed in any case in which 
+hA ®‘“Pf® P"F or push, the precise form of 

^ essential to accuracy; but 
where the induced charge on a surface varies with its 

«^® surface I morn 
unpo^nt. For this reason, and as a result of our 
e^erience wth the earlier elUpsoids, we had ours 
accurately shaped by Messrs. Hilger. 

voif!^ +®^®® fliat the attracted-plate 

Z?T- ^ “ f advantage 

S ^ *^® corrections to 

he apphed are much more difficult to determine and are 
very complex, as was shown by Chester Snow,* It is 
p^ible to malce the present instrument read both as an 

aSf as an eUipsoid instrument, 

andfur^er—by measuring the current from the diso-to 
determine c dir^ly by this instrument alone. We 
have not gone into the question of the accuracy of 
condenser potentiometers on bad voltage wave-forms, 
but I should have thought that the influence of har¬ 
monic, which axe always difficult to avoid in test-room 
pracrice, would have had a serious effect on Ihe tapped 
readmgs compared with the line voltage. ■ ^ 

for earful determmations of the eccentricity, and the 
value of c finally obtained is a justificatira for ihe 
value chosen. We estimate that the mean value of ^ 
chosen IS correct to 1 part in 1 060, but (I _ e2), which 
IS the determinmg factor in the calculation of £-and AT 
has a mean departure of 0 - 6 per cent. The final value 
axe probably correct to 1 part in I 000. The gradient 
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Bnrtau o/StaKtards Jmrml i^StstanH, 19S8, vol. 1 , p. Jls. 


be^een the plates was undoubtedly uniform. It is 

^ * ^®*^® “ ®’ current between elec- 

teode that the voltage gradient betwen them is affected 
^d m our case—with alternating fields and air at 
atmosph^c pressure-the ampli^de of any toii; 
^vments are too smaU to affect the field s4e. 
test-room practice measurements of high voltages are 

c”Sl?^meS th*"* spark-gap'theS::^! 

TOmt mettod. the potential divider, and the ratio of 
Wformation-and the derived values rarely coincide 

S.s^voltmeter givi readings 
dose to the ratio of transformation values Witt 

kV ® of voltages of the ordj d 

1 000 kV. we can say definitely that if R.M.S. readings 
desired the ellipsoid voltmeter will give them but 

“iiSi important question of why the 

^ ^t®“ “to commission without a standard 
high yolta.ge bemg specified or required. The answer 

TwouM K «’®“ ^®° ®"<* " 

It wodd have been used to specify voltage Hmifs As 

yrtae d.to^df„ a hi8h.v&4 a:s=LlTS 

appear to have been felt. A great deal of work was 
done on the standard chemical cell for use with the d c 
potOT^me^, and perhaps the . time is approaching 
Thil * ^ recognized that it is as easy to construct 

a high-vol^e standard as it is to make a standard cell 
The use of the ellipsoid voltmeter on direct current is 

c”^LT f there is no conSo? 

cW^ « elhpsoid, and it therefore does not acquire 
i?wf m f ® ^ond, if the elUpsoid were chmged 

It w^ld not affect the readings in an alternating field 

to T .*®®"**®“* R the ellipsoid were 

to be charged it would have to be by a proof-plane 

hTw M® ^spension is non-conducting. We are gLd to 
have kfc. Best s opinion that the elhpsoid voltmeter can 
^®hable and accurate than the sphere- 
possible that an improved form of the 
latter may shortly be available. 

y^teliead makes the interesting comment that 
the nmtiument transforms the measurement of a feeble 
W into that of a time. This is an important pSt 
ich may amount for the consistency of the readings. 
rAaHi®' “®r “ voltage measurement to obtain the 

working is 

wmparable perhaps with the measurement of speed in 
Sfk standardizing resistance, and it 

^es for high accuracy. The instrument, like all air 
condensers must not be placed too near otter sources 

l®^^®' *®®* it is not 

usual to have more than one source of high potential 

to o^®^i“®*®^® at high potential close together 
m®®®- J?“^tion does not appear to have any 
munition by an arc lamp has none. There is 
no form of electrical discharge to be observed at working 

f^®*^ ^® “ *^® pi®*®®- ^ 

SvSufoh^®'^ r® ®®*i®i“t®^- Ti“ conversion of 
K c at the end of Table 9. so as to 

give ^th sphere-gap voltages and those observed by 

miflS-« obtained by 

^ i'i^® by 1.00049, the 
?996 *^® ^°i*- ™s gives 

^ 996 X low as the corrected value. 

























THOMPSOK: the ABSOLUTE qf 


. Mr- J. A. JAKaARV, 1932. 

spark-gap 

term; of “^y meaaS £ ^ bigh^Sf of 

the at:tho£° t™ of SXSLS^trj'f ™ t^tor is, rela- 

i»rtic„‘£ aSiw s:?'"—* tav. ti»i, S?'t“^,rtsj r“°* “■. *'-''' ^ 

suitable for mef-AWn i. • o*'™®r would be particularly difterenpA in + y e appreciably affected by the 
woul£ fori t£e ^^erJ^h fSS to of the ^7e! 

measuring device The'^defle£^^^’^f. voltage- same RMS value voltage, for the 

would appear to - of instrument ever, only Lmlto^ criticisms are, how- 

standardizing other claqcs-e ’'^ork and for absolute accuracv can if ^ slight doubt as to whether 

wsed for routine testing putpois buU^^ ^ ^ ^ guaranteed to so close a limit 

JsTpSr^rf““'=^ “«Tb. r« 

lt^4fPss 

{nff. the authors considered piarj^g their fin 1”^ expression given on iage* 2 It is 


-- empsoia on the field would 

a^^i^ly grater and would result in a more distort£l 

+Si •The authors view on the possibilities of applying 

this BUGfCfeStlOn to thA rlAoirm _i _ - 


—. -.**w view on tne possibilities nf arkrkiTr;^«. . 

this suggestion to the design of a voltmeter for M^r 
voltages than those mentioned in the paper in ordM to 
roduce^the space occupied by the ins^L^ 
interMtmg. Have any diflaculties been encountered due 
to interference set up by adjacent bodies ? 

f’ The theory of the authom' absolute 
standard voltmeter involves the assumption that the 
insertion of tte eUipsoid in the field does not alter its Therefore 
distribution: if this assumption were false iiie instrument 
would break one of the first rules of m^surement—ifiat 
the apparatus employed must not of itself alter the 
quantity to be detennlned. I am not altogether con- 
vlnced that the extremely high absolute accuracy nlaiTri«., ^ 

entirely Hence 

As regards Sktion (5), dealing 

with the calibration by means of a sphere spark-gaT) in 
my opinion it is a case of good fortune rather than a 
proof of high accuracy that the cafibratiohs agree so 
well with those of Whitdiead and C^ellain; as i am | 


?* 3 it-s 

C to is largely dependent upon this 

r^r 

^age is on each 


^iTrJCb^xZcc 
' Na^{D - a?)2 


47r^8 

Na^ 

•> 

ifnXb^/ 


xdx 

{D - :r)a 


2aD ^D + a\ 

Na^ Vi)2_^2 

^ _ 87ra62(2X)2 -f. ^2) 

^ — a^j terms con¬ 

taining the fifth and higher powers of a) 
167ra6^ 

^ ZNIfi (since is small as cornpa^ed 
withZ)2) 




167 ^/ 1,11 \ 

SMJsr P + P“p+ • • •) 


The percentage increases in the field for the various 


D 

Percentage increase 
of field 

cm 


26 

0-04216 

60 

0-006269 

76 

0-001661 

100 

0-000669 


Th^e values are much less than those given by the 
they mdicate that a closer spacing of the 
pMes is permissible without fear of introduchig any 
appreciable error due to reaction. ® ^ 

Prof. W. M. Thornton and Dr, W G Thnirmenn 
Harle. theinstrumeJ?shouM be 
^ as suitable for routine 

readings are much more easUy 
ob^^ ^ the lomc wind voltmeter, using a nuU 

1 ?" W is slow 

Md the ellipsoid instrument is not suitable for obser- 

vahon of rapid changes. The voltages in Fig. 7 were 

With regard to enclosure, tL would 

be difficult if the mstrnment had to be used for absolute 
measuremente, but it might be made about hS Se 
^e Md without the metal-frame support. This is the 
final form it will probably take. 

Mir. Fawssett’s suggestion that the field distribution 
TT^ * 1 greatly changed by the presence of tlie 

modified, 

IS considered in Section (6) of the paper. The field hi 


tte immediate neighbourhood of the ellipsoid must 

1 1 metallic surface at 

nght MglM to It. A good deal of time and care was 

S the influence of wave distortion 

*he result is Fig 6 b 
I t would have unduly increased the length of the paper 
to ^ve given details of the analysis of tte wave-forL 
K the oscillo^aph is in perfect condition and the rLrds 

are ^tcc'Sf ^ ^®''°'^“8:-film camera these wave-forms 
Me as accurate representations of voltage waves as it 
IS possible to obtain. The records agref vl^ dosdy 
They were much enlarged, and then analysed iSorionsS 

Dy winch T^e peak values calculated by multiplvinff the 
^served R.M.S. values by V2, were LltiSTglJe 
toe peak vdues of the wave-forms. They could tten 
^oltegS^"""" measuremeLs of ^a J 

Mr. W^en is right in thinking that the difficulties 
involved in making an elongated ellipsoid to an exact 
pio e are grater than when it is less pointed but the 

eccentricitychosen(0-989)isthatwhich^es£A7(£ 

a maximum value. The expression oif page 2 for iS 
torque is calculated from that on a ring element in the 

^nner slated. The distance between such an element 

and Its ii^ge should surely be (D — 2®), and there 
1^ to consde, i„ toe 

to see that his method gives stili 
sm^ler values than ours for the reaction at the nole 
gates. With conducting ellipsoids 2-6 cm long haring 
tte same proportions it is possible to bring the^siilj^f 
^ to M o„, ptoviM that th. S*i. 

“ in^ment may commend itself to 

^d engmeers and others as a simple standard of 
reference for high voltages; but the paper Thoffid bt 

SS ^ ”®'^ ^ absolute 

desSfntil as the 

escription of a fini.shed instrument. The work is 

bemg repeated and comparisons are being made be¬ 
tween this and all other available methods. 
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REPORT. 

Sixtieth Annual General Meeting 
of The Institution of Electrical Engineers, present to 
the members their Report for the year 1931-32, covering 
approximately the period from the 1st April 1931 to 
the 31st March, 1932. 

The Council desire once more to thank most cordially 
the many members, too numerous to be mentioned by 
Mme, who, by placing their services at the disposal of 
tte Institution, serving on its committees, etc., con- 
tnbute so materiaUy to the fulfilment of its objects. 

(1) Membership of the Insxitotion. 

The cdianges in the membership since the 1st April 
1931, are shoro in a table included in Appendix A. ' 
following table shows the net growth of member¬ 
ship for the last 10 years:— 


Year • 

Membership 

Increase 

1923 

10 911 

-f- 636 

1924 

11 415 

+ 604 

1925 

11 743 

+ 328 

1926 

12 142 

+ 399 

1927 

12 647 

+ 606 

1928 

13 043 

+ 396 

1929 

13 561 

+ 618 

1930 

14 200 

+ 639 

1931 

14 670 

+ 470 

1932 

14 884 

+ 214 


• •• .. 44 

• .. .. 43 

■ •• .. 42 

47 and Appendix C 

‘ .w 26,30 

. .. .. 39 

• .... 22 

• r. .. 21 

- .. .. 16 

. .. .. 23 

.. ..30 


(2) Examinations. 

Graduateship Examinations were held in May and 

cS n 

ardifif, Dublin, Glasgow, Manchester, Newcastle-on- 
jme, Norwich, and Southampton, and, in November 
T^ir’ Ceylon, F.M.S., Hong Kong, 

India, New Zealand, and South Africa. ® 

Durag -^e year a number of candidates were per- 
educational requirements for Asso- 
aate Membership by the submission of satisfactory 
vmtien papers or theses in lieu of an Examination. 

. the Page Prize (value £61 

for the best Thesis submitted, his subject being " The 

ESdS’’^*^ I^otical Training of the Apprentice 

(3) National Certificates and DipeoNas m 
Electrical. Engineering. 

_Engla^ and Wales.—In 1931 the Joint Standing 
Committee, representing the Board of Education and 
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the Institution, was associated with the final examina¬ 
tions of 160 courses at colleges and schools in England 
and^ Wales approved in connection with the above 
certificates and diplomas. 

The fi nal examinations were held during the summer 
of 1931 and the number of awards was as follows:— 

692 Ordinary Certificates. 

279 Higher Certificates (including 8 Post-Higher 
Certificates). 

8 Ordinary Diplomas. 

3 Higher Diplomas. 

Scotland, —In conjunction with the Scottish Educa¬ 
tion Department, the Institution was associated with 
6 courses in Scotland during the year under review. 

The final examinations were held during the summer 
and the number of awards was as follows:— 

6 Ordinary Certificates. 

3 Higher Certificates. 

11 Higher Diplomas. 

(4) Honorary Member. 

The Council have j)leasure in recording that, as 
announced at the Ordinary Meeting on the 21st Jan- 
uary, 1932, they have elected Mr. William Morris 
Mordey, Past-President, to be an Honorary Member of 
the Institution. 


(6) Faraday Medal. 

The eleventh award of the Faraday Medal was made 
by the Council to Sir Oliver Lodge, D.Sc., F.R.S., 
Honorary Member. 

(6) Minister of Transport. 

The Council are especially gratified at the appointment 
of Mr. Percy John Pybus, Member, to the office of 
Minister of Transport and offer him the Institution’s 
hearty congratulations. 

(7) Honours and Distinctions Conferred on 
Members. 

O.M. 

Bragg, Sir William Henry, K.B.E., M.A., D.Sc., F.R.S. 
(Honorary Member). 

Knighthood, 

Goodman, William George T. (Member). 

0,B,E. 

Cohen, Bertram Sydney (Member). 

Withycombe, Robert (Associate Member). 

The Council are also pleased to place on record the 
Election of the Secretary of the Institution as an 
Honorary Member of the Soci6t6 Fran 9 aise des 
filectiidens. 

(8) Deaths. 

The Council regret to have to record the death of the 
following 86 members of the Institution during the 
.3rear:-^' ■ . ;• 

'Eciison,:T;A.\.;, 


Members, 


Aldridge T. H. U. 

Allan, P. F. 

Bailey, F. 

Baron, J. T. 

Black, A. S. 

Bulkley, J. N. 

Clinker, R. C. 

Dando, H. A, 

Denham, J. 

Drake, B. 

Esskildsen, M. K. 

Puller, G. 

Gregory, J. P. 

Griffith, W. G., B.Sc.(Eng.). 
Gwjdher, C. W. 

Hancock, W. J., D.Sc. 
Harrison, Gen. Sir R., 
G.C.B., C.M.G. 


Julius, C. H. 

Leaf, H. M., D.S.O. 
Moffett, F. J., B.A. 
Nalder, F. H. 
Packham, W. B. 
Prentice, H. N. 
Shaw, James H. 
Smith, H. B. 
Soldan, C. P. 
Taylor, H. M. 
Teasdel, J. E. 
Walker, S. F. 
Walton, A. H. 
Wilkinson, H. D. 
Wilson, Prof. E. 
Wilson, S. N. 
Winning, W. L. 
Wright, Arthur 


Associate Members, 


Austin, E. P. 
Belfield, S. St. G. C. 
Brownell, J. 

Burke, R. T. 

Cooper, W. James 
Cuthbert, M. 

Darker, A. H. 
Davies, F. H. 

Ellis, W. 

Foggo, J. J. 

Gilbert, H. W. 

Giles, F. C. 

Grut, C. A. 

Haley, W. E. 
Harrison, T. C. 
Haydon, G. S. 


Hunter, K. H. W., B.Sc 
Johnston, J. S. 

Lakey, E. A. 

ILamboum, W. C. 

Law, G, C. 
lines, S. L. B. 

Lund, A. 

Maybury, Major P. T., 
B.Sc.Tech, 

Miles, J. W. 

Parkhurst, F. C. 
Robertson, T. E., O.B.E. 
Tate, T. F. 

Tetley, T. R. H. 
Thompson, F. W. 

Wray, W. J. Roberts. 


Companion, 

Renwick, Sir H. B., Bart., K.B.E. 


’ Associates, 

Barnes, S. E. Darlington, W. E. 

Br^h, J. Goold, R. L. 

Chisholm, A. H. McGuigan, W. 

Whitehouse, A. E. 

Graduates, 

Kershaw, R. Lapraik, D. R., B.Sc. 

Kruger, N. D., B.Sc. WilUams, H. L. 

Students, 

Calver, R. F. J. Maidwell, C. L. 

Chapman, K. G. Shuttleworth, J. H. 

Chappie, J. Sleight, L. 

(9) Institution Building. 

The ^Institution continues to grant facilities for the free 
use of its premises to kindred societies in connection with 
their meetings, and 200 such meetings were held during 
the past year. 

Arising out of the scheme for floodlighting public 
buildin]^ in September, 1931, on the occasion of the 









Pan^ c«.oeLd, Z « ^ <»a a. 

equipment has accordingly been^?i^^^ permanent 
the Building is lighted until 8 <Jn r. present 

ing W) duig (- 1 -^d- 

^ting Corp^Sju, ^fbe^^atof at^"*^®^ 

tbe premises which it has ^ 

building since 1923. Some of Institution I 

IS being let to the Bri4h E^t ^®*®ased 

Association and the Electeic^^S^M^®'?^'^™®'^* 
Association who are extending J^“'*Iactnrers' 

are lower tla„ thoiie previOl^; ^ ““ mtri^ 


if^e^L^^raicouNcn for mi-m2. 

ry _ \ -_ 


and the School of For^t^G^r^ 


. Oil Paintings. 

de Ferr^ti, ^* 

been hung in the Lecture Theatre 

IS the work of IVIr Davirt t. ’ ^® which 

Mr. H. Marryat, * ^ J^ger. was presented by 

Journal, recent numbers of the 

" ““"»««» l»meas. 

descriptions implyij^ °I initials or 

Institution, and Sf3! % of the 

to ensure the dfecontmuanc^^f the’n* ^ ^ Possible j 

soMconcemedwithoutthenecessitvof tewI*® 

Legal action became 

been obtained in 1928 AreM?3®rt-^ 

been published in Se “^®^ ^i^eady 

p. 473). Journal (Apnl, 1932, No. 424, 

_ , (12) Meetings. 

been befd^ ^67 meetings have 

members, the Gouncfl and^tte^- 

A detailed statementtgir^ i^l^- 

. (13) Premi ums . 

at meetinp o^cep^for^ 1®*^ papers read ' 

attheAnnu^Genm^lfeSr"’**^^ < 


Memmial-Pii., 

:^te.andaMone^SeoL^ 

Institution, and 4e ^ ^ ^ year to the 

,». M. G.’saTptD ^ *• ‘Wd 

;., /♦ Seepage 143 . ■ ■ ■ •;■ :.• 


Pen Ti Sub-Centres. 

BDs I-iveipool, Manchester anri tSu ‘^i^gow, Leeds, 

ich I ®®®b occasion the President *1® ^“b-Centres. 

and was gratified at tiif ***® 

the Institution and impressed bv branches of 

i the ijcSStiJs z sSSsj:^ 

, Mo„bJ.r,^S5 fc/SfV""”””'’’’''- 

^ have been established by the SJ^- libraries 

„ Doblta, Loodo, Lo„XXrSS,“.®“‘^“' 

,e brough. and Newcastle. ^“®i^®®fen, Middles- 

orSL^"tbol*"a?tSSS 

on appUcation to the Local Honoxa^£^e^;’*^“^ 

r _ (Ifl) Local. Honorary Secretaries Abroad 

I naSr^f^? ?tbbs*^L "®®®'"®<' «^® -®®ig- 
• New 2ealani;-aid^?Sr^ 1®- 

, j wish to tender the Instit, t^‘ (Argentine), and 

: membem for f ®®>^dial thanks to toese 

&.ncll lavf f ?■„? Pl««. tl» 

Parrott respectivdy. ' Mr- R- G. 

■ place of the late Dr. W. J. Australia in 

In aiv Overseas Members. 

In addition to the Local rnm^nj. ,. 
in the last Annual R^ort ^Mch. as stated 

New South Wales Vlv4^^ 

Auanlla, ^ sSth 

Transvaal, a LocM Zealand, and the 

Queensland and Committees^e^i been set up in 

I nation in the folloTv^ townTfn ^^-^^ B®®®®® ®^ 

cuto, Lahore, ^d Madii IP^a-rBombay, Cal- 

’^eadin?a?i^SSiSorp^l‘^ 

held jointly with oS SaS?b 
W^es. Queensland, and ^ 

activitiM of^ toe °Institoti^®is *^® overseas 

sidered by the OveS^A^i ^ ^ carefully con- J 
by toe Council ':^®”®“ Actavities Committee set up : 
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(18) Wireless Section. 

interest and activities of the Wireless Section 

“d tm 

lished or five papers have been pub- 

!S2LraSl P“J>li‘^tion in the Journal. The 

TO'^kS ^ 

of the Se^m ^ members 

number S T; ^ copies were posted with the March 


by Dr. C. C. Garrard and Idr. R. E. G. Horlev at thf. 
places indicated:— «oney. at the 


Lecturer 

Dr. C. C. Garrard 


Mr. R. E. G. 
Horley 


Subject Place 

** Switch- Leeds 
gearNewcastle-on-Tyne 
Sheffield 

Glasgow •) Scottish 
« Edinburgh/Section 

Oil-filled London 
Cables ** Birmingham 
Liverpool 
Manchester 


(19) Meter and Instrument Section. 

Eight meetings of the Meter and Instrument Section 

avX a?eS 

12 monS® 80 which compares with 79for the preceding 
ill fiave been uniformly success- 

programme included an Informal 
Deb^e to which there were no fewer than siTS? 

Summer Visit to Cambridge took 
pUce on the 2nd May, 1931. The party, S nmm 

S f" ladies,Lj5erShS5: 

Co ^td who^f Cambridge Instrument 

vS;d ww *7“^. “spected and who pro- 

O.B.E., M.A LL.D., F.R.S., who threw open tS 
Engmeering Laboratoiy for inspection and moviS 
Sft. • CoUeges were also visited. The success I 

December, 1931, was most gratifying, 
e Rules have been revised so as to provide for the 
n^ediate Past-Chairman to serve on iSe SmmTt^ 
There are now 666 members in the Section, and a list 
of names is about to be published. 

(20) iNFoiiMAL Meetings. 

Ten meetings have been held during the Session the 

as against 66 last ye^ir. 

T^e Inforaal Meetings Committee again cordiaUv 
m^te membera to write to the Secretary indicaS 

oSSTom T r**" ^ discussion 

Offem from ^embers to open discussions will also be 

welcomed and carefully considered by the Committee. 


The to^ attendances at the nine Lectures which 
were greatly appreciated, were approximately 700 com¬ 
pare witt 630 for the nine Lectures given last SpggmTi 
by oaer lecte^ Although this incrfase is^Sy^ 
It IS hoped that the Lectures will receive even grStS 

SSf b?^-STT' ^ attenLiL 

still higher, taking into account tlie total 
membership of the Sections. ^ 

GrSnot Tf ® by Students, and by 

^86 of 28, in the competition fo^ 
Stnd^ts' Prize of £10 offered to the best 
toL iTirt " The Relations between Econo- 

SS consideration it was 

deaded that a Prize, value £6,.be awarded on this 

StteH h 'i,^' (Graduate) to the pa^ 

submitted by him, and that a further Prize of £6 h« 

oferf thfe &^on for or, tet paper Srl of tS 

5 for a. perfooal 

? ?'*’ “ “““ “«”»»■> interesl to 

an 7^ 1 nf have been mad e for 

Honorary Secretaries of the 

SSfrit" ^ tb® of these 

February, when a very 
useful and interesting discussion took place on pointe 
of organization and routine. e on points 

Norther^*"!?^ field in 
Norffiem Italy Switzerland from 25th July until 

4th August 61 Students and Graduates taking pLt. 

The party travelled from London to Milan, where 

they reigned to five days. During that time visits 

H,omLtd;,»feL. Browfa^ 

1*^ Umveraty. and the Engineeting School, the trout 
telephone exchange, anti a _,’ . . 


(21) Students’Sections. 

The eigM Students’ Sections, viz. at London, Bir- 
mi^ham,^Glasgow, Leeds, Liverpool, Manchester, New- 
^tl^n-Tyne, and Sheffield, have carried out during 
^e Srasion a very full programme of meetings, visits 
to works, and social functions. FuU details and Iccounte 
W bwn given from time to time in the Si«dmfe’ 
Quarterly Journca. ^ 

“piejictual membership of the eight Students’ Sections 
M in the aggregate 3 300, which includes some 1200 
GrMuates^ndCT the age of 28, who are now entitled 
*° file s^e privileges as Students. 

The Studmits’ Lectures ’’ were delivered this Session 


Mo^eux) to the remainder of the tour. From here 
t^ts w«e ^made to the Barbarine Dam, hydro-electric 

preserving factory at Martigny. 
Montreux, time was devot^ to 
Stoto. and visiting places of general 

t to eiqpress the thanks of the 

T 7*?® fiespitable welcome extended by 
^ and gave facilities for 

vifflts to works, etc. The meeting was highly successful 
^d thanks are due to Mr. T. H. Lockett! Te^en 
Honor^ i^istant Secretary of the London Students’ 
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&^on. for Lis capable handling of the organization 
of the tour on behalf of the Committee of the SectiS! 

(22) Students* Quarterly Journal.*' 

Journal has continued to make 
of ®“PPOrt received in the shape 

suggestions has been so great, and tte 

^ nfcesskiTto so 

^texde the Students* Section for any of the7a£iS 

m^cation that this desirable stateS 
attairs will be maintained. 

The influence of the pubUcation in stimulating atten- 

ofth?iifdi^®®1”®® improving the corporate spirit 

. of the mdividual members has been evidenced in sewral 
, While a very i.ppy is 

tS" <“ aiSerenl pa,£^ thf 

their old associations. 

(23) Summer Meeting. 

^hntiapation that many membeia would be attmcted 

SiSss ind'^ter/: I“tenxational IIlumLtion 

^ngress, and the Annual Conversazione, it wa 5 con- 

Sndn the Summer Meeting te 

^ndon durmg that month, and an extensive programi^ 

tte'TSd to ^esday 

2nd to Friday the 26th September. The Council 

ES a^^aSv"'*!" occSn^f SS 

members of the Soddte Ftancaise 
des Electnciens and their ladies. J?ran 9 aise 

m Meeting commenced on Tuesday morning with 

L?^ H^* “ a^ounTS wS 

“d ended ^th 

lard W Friday evening. iSe 

fhl nl ^ "^'de for a Private Vtew and 

Frixibition, and thJ 
®P®“* ™ 'dsits to works and other 
^«Ma “terest, including Hampton Court, Windsor 
Castle, mid some of the Colleges at Oxford. The thS 

hlv have been sent to the following firms and 

bc^ra whose hospitality was cordially appr^iated bv 
all the members and ladies, some 420, who toot part:-Z 

“s: Co., 

Messrs. Carreras Limited 

Messrs. Fraser and Chalmers, Ltd. 

Gener^ Electric Co., Ltd. [Osram GE'C lamn 

oSm ^ G E^C°' Hammeramith^ 

V '^°rics and lamp works 
Wembley^ research laboratories at 

Gramophone Co., Ltd 
.Messrs. Huntley and Palmers, Ltd. 
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London ^neral Omnibus Co., Ltd. (Chiswick 
overhaul and repair works) . 

J^ndon Power Co., Ltd. (Deptford power station). 

Sr^) (^’'^^'riord chocolate 

Me^. Morris Motors, Ltd. (Cowley works). 
National Physical Laboratory. 

No^ Metropolitan Electric Power Supply Co 
(Bnmsdown generating station.) 

'’’SujfeJr*” *^“^‘5’ (“"8 Cuougu V 

^'ShS'mKu.tr 

“'P'™'* “■> Cublm, Ltd. 
OudAgmuml Euilway Co. (Curtugu ovmhuul work,. 

(24) Faraday Lecture. 

^ delivered by 

S Sven rr^ The Lecture 

s*^^^**™ “• a. AbuM^'tr; 

Session have 

* attended by a total audience of approximatelv 
5 230. of whom over 2 670 were non-memS! ^ 


(26) REvraws OF Progress. 

^ntouing tee series of reviews of progress in elec- 

S^rSTteTfoir^^'^^'^K^ /^^«^since lie. 

Power Stations and Their Equipment. 
^0-Telegraphy and Radio-Telephony. 

Telegraphy and Telephony ^ 

«a.hU,hud to .,S3 wto ho o. to. 

Flectric Traction. 

Electtcal Equipment of Automobiles 

Electncal Plant and Machinery 

Electridiy Applied to Ships. ' 

Electro-Ph3^ics. 

■^^'^’^riiral, and Domestic Applications 

including Illumination and Tariffs. ■ * 

(26) Scholarships. 

Ferranti Scholarship. 

(Annual Value £260; tenable for two years) 

W. G. Ihom^n. Ph.D. (Armstrong Coflege, 

NewcaiStle-on-T3nie). 

Scholdyshipi 

(Annual Value £160; tenable for three years.) 

C. H. W. aark (Sevenpaks Grammar Sdi^ 






Silvmtts Thompson Scholarship. 

(Annual Value £100, plus tuition fees; tenable for 
two years.) 

c. H. Lackey (Messrs. A. Reyrolle and Co. Ltd.). 
David Hughes Scholarship. 

(Value £100; tenable for one year.) 

G. L. d’Ombrain [City and Guilds (Engineering) 
College], 

Salomons Scholarship, 

(Value £100; tenable for one year.) 

S. H. Padel (Manchester College of Technology). 
Paul Scholarship, 

(Annual Value £60; tenable for two years.) 

W. T. Da^n (London County Council School of 
Engineering and Navigation). 

Thorrowgood Scholarship. 

(Annual Value £26; tenable for two years.) 

P. W. Ottley (The Underground Electric Railway 
Co. of London, Ltd.). 

WwThanksgiving Education and Research Fund (No. 1 ) 

til® above Fund 

for research purposes as foUows 

£60 ^ to :_F. J. Clark (East London CoUege). 

J. H. Wagstaff (Univearsity College, London) 

£26 to:—Miss W. Hackett (Birmingham Univeraity). 
With the exception of the Paul Scholarship which is 

snips and grants are awarded annually. 

(27) Faraday Centenary Celebrations. 

in f “^^ay Centenary Celebrations which took place 

in Sqitember. 1931, were an unqualified success A 

(Nb November, 1931, issue 

(No. 419) of the Journal. The report of the Orgaiiizing 
Committee of the Exhibition was published^ 
January. 1932. issue (No. 421. p. 

(28) Hughes Centenary. 

The centenary of the birth of David Edward Hughes 

^^e o^^S^^T ® 1931. when a dis- 

^uise on the life and work of Hughes was given bv 

Sydney ^^hed. The discourse was prinS in ihe 

Journal m October, 1931 (No. 418, p. 1246). 

(29) Varley Centenary. 

Cromwell Fleetwood 
Samuel Alfred Varley 
(22nd ^^ch, 1832) will be commemorated by the 
Institution om the 6th May, when a discourse on their 

Lieut.-Col. A. G. 

(30) Swan Memorial Fund. 

It w^ stated in the last Annual Report that an 
appeal had been published in January^ 1931, with the 
support of the Institution and the Roy^ 
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Society of Great Britain, for funds for the establishment 
of a memorial to Sir Joseph Swan, the inventor, inter 
«&«, of a® incandescent electric lamp, in the form of 
schola^ps in electrical engineering science to be 
admumtoed by the Institution. The final result has 
Deen lhat a sum of approximately £3 000 has been 
reived wluch, it is regretted, is considerably short of 
the d^ed total of £6000. It will therefore only be 
pMsible to establish one scholarship, instead of two as 
onginalty proposed. The Conditions of Award for this 
schol^hip are at present being drawn up and the first 
award will probably be made in 1932. 

(31) International Relations. 

Paris International Electrical Congress. 1932. 

Congress is the celebration of the 
60th annivereary of the first International Electricity 
^n^^ wMch took place in Paris in 1881, when funda- 
ental and fM-reaching decisions regarding electrical 
units were arrived at. 

niiS.! ^®^® ®®* "P ^ Organizing Com- 

^ o collaborate with the French authorities in 
ar^gu^ for the presentation of papers by British 
authora for this Congress, which will be held in Paris in 
July, 1932. Ten papers by British authors have been 
sent through the British Committee to Paris for this 
purpose. 

International Union of Suppliers and Distributors 
of Electrical Energy, 

The Council have considered the question of becoming 
formally ^ocmted witt this Union and have recom- 
electricity supply organizations in this 
country should jom it as Adherent Members. 

(32) Anniversary Celebrations and Conferences. 

During ae y^ under review, the Institution has been 
represented at Anmversary Celebrations and Conferences 
teble^°^^*^ bodies as shown in the foUowing 

_ Nature and Date NameofI.E.E 

r , o/F««c«o„ Representative 

F Conference, Prof. Miles Walker, 

Teachers in Tech- Manchester ( 23 - D.Sc. 

meal Institutions 26 May, 1931 ) 


——Au iviay, lyai) 

W « -^°«ation Centenary Celebra- Mr. Clifford C. Pat 
lor the Advance- _ __ 


for the Advance 
ment of Science 


tions(23-30Sept., 

1931) 


Cambridge Uni- Clerriiaxwell Cen- MSdfSl: 
versity fATia^r _ _ 


erson, O.B.E. 
(then President). 


fonary Celebra- erson, O.BE 

tions (1 & 2 Oct., (Past President), 

Tted International Mr. Gano Dun. 
of Technology Conference on (Local Hon. Sec 
Bituminous Coal, retary for th< 

Rttsburg (16-21 U.S.A.) 

T * ^ Nov., 1931) 

mtemational Com- International lllu- Lt.-Col K Ed?, 
^wn on lUn- mination Con- cumbe,’ 

nunation gross (1-19 Sept., R.E.T. (Ret.' 

1931) (Past PresidentV 


mission on lUu- 
mination 


erson, O.B.E. 
(Past President). 

t. Gano Dunn 
(Local Hon. Sec¬ 
retary for the 
U.S.A.). 


cumbe, T.D,, 
R.E.T. (Ret.) 
(Past President).. 
Mr. P. Good. 

Mr. H. T, Harrison. 
Erof. J. T. Mac- 
Gregor-Morris. 
Dr, J.W.T. Walsh. 
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Name of Body 

Royal Dublin ^So Bi ^ n . Representative 

Celebrations (19- ers on, O.B.E 

]oeieorations, son, M.C. ^Presi- 
Pans (26 Nov., dent). 

Mr. Clifford C. Pat- 
erson, O.B.E. 
(Past President). 
Lt.-Col, K. Edg- 
cumbe, T.D., 
R*E.T. (Ret.) 
(Past President). 
Mr. p. F. Rowell 
(Secretary). 

CMiad. of the de^ of thS "■Mabots to 
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(34) Annual Conversazione. 

afforded MoppoS^V for ae*A 

to be held thSe on tlJ 22nd^en^r“r^ Conversazione 
was made the occasL nL o • ^ and it 

which was opened to the ^^bition 

the Faraday Centenarv ivi.k delegates to 

attendance the total 

ux memoers and guests was 2 400. 

Annual Dinner. 
members and guests were pS^nt 

lie Aprointments Board. 

see2i^ii®^£ " register of members 

electrical engineers. liigWy qualified 

• ss's*^ 

regfeter. to make use of the 

^ . ( 37 ) Library. 

of readers for the year ^ ^el‘ “"“her 

non-members, as against 4 . <jko j were 

1930-31. : against 4 369 and 336 respectively in 


Idbraty ^^sSb^oW®® ^ the Lending 

2 4M „d 938 t4eMt^ ' P^"* btl»8 


(38) Gifts to the Institution. 

of the foWig'^to "tL“2Suti^*° 

Donor ^. - 

Elektrotechnischer Verein A renliVa ttP +k • ■ 
of Berlin r ^ *he original 

Gauss-Weber electro¬ 
magnetic telegraph made 

Mr. A. Evelyn Barnard .. A'srSf plaster bust of 

Michael Faraday by M 
Noble, 1864. * 

An engraved reproduction 
of A. Blaikley's painting 
of Faraday lecturing at 

Mr. F. A. Downs a Institution. 

Mr. J. Forrester .'.’ " A vSt^I^ 

A voltaic pile made by the 

late F. V. Andersen. 

Sir Robert Hadfield D Sc am^remeter. 

•p g » • 0., A plaque of Faraday. 

(39) Science Abstracts." 

coSnfSiS °‘ i« 1981 

2 8« .b«toc«, „ codtoSf X?581 ” 
by^'.'S.S'Sdv'S^ Ibtal to S.*.„ AMrad. 
2«d«.bled».ppoi,to«.l“ 

SSffSi Sill 

S‘.sr;Sto'"of‘r^'= * ““p^- 
d«»tos,^°StoS<sjr^h“‘; “ "p^“ p 

gidater support wffl bs gi^ 

(40) MOD.P Commops '; 

suSit ®®t of Model Conditions » E » for the 

S'-co^S Cb|to rt b«„.^sS 

Ckiunca *he 

^^de representatives of Additionh^ . 





T Building Act, 1930. 

amento^ ts“to “thTa£v? Sd Te"^oU*^ • ° 

sentations were made;— foUowmg repre- 

^ in regard 

should be fully 

exempted from the Act* ^ 

SSS? •'■“"M to similarly ex. 

•*'"* “ »«>» 

3.ppeal to the Tribunal provided for in 

(42| Rigouhoks Foa tm Eucikou, E(j„n,„„ 
OF Buildings. 

cS?^-“.s.ra 
rr r.^>'s 

®“b<^‘>“ittto aasiats i« umttra relatto* 

relatmg to distribution boards Was issuS SX 193^^ 

+li 4 > p f 4 .^ Steadily increasing demand for copies of 
tte Reflations (tbe Ninth Edition is now in iite 21st ' 

(43) Electricity Regulations 

r Consumers^ Premises It is I 

Pel®^'?°^ remainder of the Safety and Supply S 

Regulations will be published within the ne^few moS 

(44) Radiological AND Electro-Medical Technical 
Committee. 

The above Committee bas been set up by the Council ^ 
to obto papers on radiological and eltotro-medS 
subjfts, ^d to deal with such other matters SlStv 
be refeired to rt by the Council, the aim being to stS 
late mterest in the electrical engineerina aspect of 
radiology. The Committee is representative of eSctrical 
engmeers. medical men, and radiographers. ' 

(46) Benevolent Fund. 

p of Management of the ll^evolent 

Fund of the Institutibn report that on the 3lst Decemto^^ 
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: m46Wls*°M amounted to 

^pitol 17s. 2d. was on 

Capital Account, and £2 649 14s. 7d in respect of 

Sp and suSSons 

to the Fund in 1931 amounted to £3 069 Os 8d to wWcT, 

the proceeds of Golf' SwStlSS 

ani TcStSi; SnSr^A^arof^to 

receiv^ from the executors of toe late £ E ZZc^° 

amtStolT" “"de to 38 p^oL 

amountmg to a total of £l 870 7s. 6d. During toe S 

sKTd'i^SctT’’^ “^de have 

^ a distmct increase from year to year. 

totoe T®* ®^®stly desire to bring the Fund 

o, any an.on„, «, 

(46) Summary of Annual Accounts. 
iHcome ct/nd Expendituve _^Affp^r • • 

for the yem ended 31st December, 1931 of 

to’toeStStoe 
'*7^^ compares with a balance to the good 

Item o5 nSrS-.i“ iol Sy 

SftoSo? expenditure (Faraday Centenary • 

A wefe,—Taking the investments at cost and +>.« 
iMtitution Building and lease, the library and furniture 

the Assets amount to .. .. 20l1)as n i^n 

aeamatUaMB., .. „ ;; "J® ,»'» 


leaving a surplus Of .. .. ""iROAPn o o 

which, in comparison with that of the 
year 1930, vis. . 182 760 2 3 

shows a reduction Of .. .. £35919 7 

“■ above,. 

Assets, 

Institution building and ^ £ ». a. 

lease ... „„ „„ 

^vestments, cash, etc. .'.' 12 

Stock of paper, Ubraries, ’ 

and furniture:.. .. 8172 1 6 


£ s. a. 


Bess Liabilities. 

Trust Fund Accounte.. 
Sundry creditors 
Overdraft at Bank 
Repairs Suspense Ac¬ 
count ^. : 
Subscriptions received 
in adimnce . ^ 


£201 998 


346 1 6 
6 270 16 9 
8 644 4 1 

4 036 13 10 


19 697 18 
£182 400 2 
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Investments. —^Th.e investments made during the ytax 
were as follows:— 

£2 400 Ayr County Council 6 per cent £ d 

'' A '' Stock (1947-.67). 2 484 4 6 

£2 400 Union of South Africa 5 per cent 
Stock {1950-70) . 2 436 4 0 


£4 920 8 0 


(47) The Institution and Bodies on which it is 
Represented. 

^ Appendix C shows in diagrammatic form the organiza¬ 
tion of the Institution and the bodies on which it is 
represented. 


APPENDIX A. 

Membership of the Institution. 

The changes in the membership since April 1, 1931, 
are shown in the following table:— 

Hon. Assoc. 

Totals at Total. 

1 April, 1931 13 1 973 6 660 116 1 612 2 176 3 122 14 670 
Additions during 
the year 

Elected ..1 3 111 7 72 204 689 987 

Reinstated — 9 5 — 3 2 3 22 

Transferred 

to .. — Afi Q51J. _ A OCA /*A j 


72 204 689 987 

3 2 3 22 


to — 46 234 

Totals.. 1 68 360 

Deductions during 
the year:— 


— 4 360 


79 566 692 1 663 


Deceased .. 

1 

35 

31 

1 

7 

4 

6 

88 

Resigned .. 

— 

22 

67 

4 

46 

43 

Lapsed .. 
Transferred 

— 

5 

44 

1 

63 

33 

294 

from .. 

•— 

•— 

46 

— 

33 

163 

402 


— 

— 

■ — 

— 

■ . 



Totals.. 

1 

62 

188, 

6 

149 

243 

790 


Net Increase .. .... . 214 

Totals at 

1 April, 1832 13 1 969 6 822 116 1 542 2 498 2 924 14 884 


APPENDIX B. 

Meetings. 

The following is a list of the meetings held during the 
past 12 months:— 


Ordinary Meetings . • 
Annual General Meet¬ 
ing . 

Annual General Meet¬ 
ing (Benevolent 
Fund) 

Wireless Section 
Meter and Instrument 
Section 

Informal Meetings .. 
Council Meetings 
Local Centres:— 

Irish 

Mersey and North 
Wales (Liverpool) 
North-Eastern 
North Midland 
North-Western 
Scottish 
South Midland 
Western .. 

Local Sub-Centres:— 
Dundee 
East Midland 
Hampshire 
Sheflaeld .. 
Tees-Side .. 

West Wales (Swan¬ 
sea) .. 

StudenlB* Sections:— 
Liverpool .. 

London 
North-Eastern 
North Midland .. 
North-Western 
Scottish ... .. 
Shef&eld .. 

South Midland 
Committees:— 
Benevolent Fund .. 


Committees— continued. 
Examinations .. i 

Faraday Celebra¬ 
tions (and Sub¬ 
committees) .. { 

Finance .. ,. 12 

General Purposes 
(and Sub-Com¬ 
mittee) .. 

Informal Meetings 
International Rela¬ 
tions (and Sub¬ 
committee) 

Local Centres 
Membership 
Meter and Instru¬ 
ment Section (and 
Sub-Committees) 18 
National Certifi¬ 
cates (England) 4 
National Certifi¬ 
cates (Scotland) 2 
Overseas Activities 6 

Papers (and Sub- 
Committee) .. 10 

Scholarships .. 8 

''Science Abstracts” 

(and " Physics ” 
Panel) .. .. 4 

Wireless Section 
(and Sub-Com¬ 
mittees) .. .. 17 

Wiring Regulations 
(and Sub-Com¬ 
mittees) .. .. 38 

Other Oammittees 38 

Total .. 467 



fcO cn 00 
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Committees of Council. 
Examinations 
Finance 

General Purposes 
Library and Museum 
Membership 
Papers 


<0 ^ ^ 

I 

<§^i 
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Special Committees. 
Benevolent Fund 

Paris, British 

National Committee 
HecWcity (Supply) Regulations 
Fara^y Medal and Honorary Member- 
Ship Advisory 
Informal Meetings 
International Relations 
Local Centres 

Meter and Instrument Section 
Model General Conditions 
Overseas Activities 
Patent Law 
Scholarships 
Science Abstracts ” 

Ship Electrical Equipment Regula¬ 
tions ” 

Wireless Section 
Wiring Regulations 

plecirical Plant and Machinery, in- 
I eluding Marine Applications 
Electricity in Mines 
Electro-Chemistry and Electro-Metal- 
lurgy 

Industrial, Agricultural and Domestic 
Applications, including lUumination 
and Tariffs 

Power Stations and their Equipment 
Radiological and Electro-Medical 
lelegraphs and Telephones 
Traction 

.Transmission and Distribution 
India 

New South Wales 
Queensland 
South Australia 
Victoria and Tasmania 
Western Australia 
New Zealand 
(.Transvaal 
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Bodies on wiuch the Institution is 
* Represented. 

Committee (Royal Society) 

Research Association 
and Allied Industries Research 

British Electrical Development Association 

^mmittee of the International 
Jilectrotechiiical Commission 

World Power Conference 
British National Illummation Committee of the Inter- 
Illumination Commission 
Bntish Standards Institution 
City and Guilds of London Institute 

Preservation of Rural England 
Electrical Association for Women ® 

Engineering Joint Council 

Science and Technology, Governing 

Resources Conference, Copper Com- 

iMtitate of Mrtals, Corrosion Research Committee 
Institerion of CwU Engineers, Engine and Boiler Test- 
ing committee 

International ^^ociation for Testing Materials 
Intmnarional Electrotechnical Commission 
I^eds Municipal Technical Library Committee 

College Advisory Committee 
^ *Bc^y°’^ Mmmg (Cornwall) Schc^, Governing 

m^esbrough Technical College, Governing Body 
National Certificates and Diplomas in Electrical En- 
. gin^^g. Joint Committees for 
NarionM Committee on Physics (Royal Society) 
^**S^ty)°”™“**^ Ra«lio-Telegraphy (Royal 
National Physical Laboratory, General Board 

Royal Engineer Board 

l™!2.®®i^"i®"“' S. Koisington, Advisory Council 
Smoke Abatement League of Great Britain 

Advisory Council for the 

and Cheshire Institutes, Panel for 

^ar Office Mechanical Warfare Board 
Women s Engineering Society 
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annual accounts for 1931. 
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BALANCE SHEET, 31st DECEMBER, 1931. 



Carried Forward 
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£ s. d. 

To Amount (as per last Account) ,. .. 2,155 14 10 

T s d 

By Investments (at cost):— » • • 

^1,528 5s. Id. New South Wales 5 % Stock 

(1935-55).. 1 4 

Cape of Good Hope 3j % stock (1929-49) *570 13 6 

;f2,i55 14 10 

St* _ . _ _ 

£‘^>X 55 14 10 


<tr. 


To Amount paid to Scholars in 1931 
„ Balance carried to Balance Sheet* ., 


£ s. d. 
xoo o o 
19 18 7 

;fll 9 18 7 


By B^^ce (as per last Account) 
t, Dividends received in 1931 


£ s , d , 
26 o 5 
93 18 2 

;fii 9 18 7 


8r, 


DAVID HUGHES SCHOLARSHIP TRUST FUND (Capital). 


dCr. 


To Amount (as per last Account) 


£ s. d. 
2,000 o o 


;i2,000 o o 


By Investment (at cost);— ^ 

£2,045 Metropolitan Water Board (Staines 
Reservoirs) 3 % Guaranteed Debenture 
Stock (1922 or after) .. .. ... 1908 ic o 

I, Balance earned to Balance Sheet* ,. 

• * *30 

;(2,000 O O 


•Br. 


DAVID HUGHES SCHOLARSHIP TRUST FUND (Income). 


(Sx, 


f‘4i 

‘I' 'U 


ill 


m 

■•ill; 

Ml 

■\*! iii 


To Amount paid to Scholars in 1931 


£ s. d. 
100 o o 


;^IOO O 0 


By B^ance (as per last Account) 
M Dividends received in 1931 
,, Interest received in 1931 
,, Coh^ibution from Institution 


£ s. d, 
33 18 10 
61 7 o 
006 
4 13 8 

;flOO o O 


fir. 


To Amount (as per last Account) 


PAUL SCHOLARSHIP FUND (Capital). 


€r. 


£ s. d. 
1,000 o o 


By Investment (at cost);— ^ s. d. 

£^5 4 % Bunding Loan (1960-90] .. 

^^518 3s. 8d. Central Electricity Board 5 % 

Debenture Stock (1950-70) .. .. 


500 o o 



PAUL SCHOLARSHIP FUND (Income). 


To Balance (as per last Account) 

»* . Amount paid to Soholam in 1931 
Balance carried to Balance Sheet* 


£ s. d. 
20 II 8 
50 o o 
3 14 5 


By Dividends received in 1931 
„ Donation received from Mr. R. W. Paul 


^ s. d. 
53 14 5 
20 II 8 











£3,^49 i6 2 


By Investments (at cost}-— ;f s. d. 

ps?ir«s?.i^r’ • 

Iloo Vr ^ (^ 980-905 foo 

;S2°o 3} 0/^ Conversion Stock (ige/o? § ° 



To Balance carried to Balance Sheet* . 


Sr. 


200 4 7 


;f 2 oo 4 7 


^ Account) 

„ ^mdends received in 1931 ;. 
„ Interest do. do 



To Amount (as per last Account) 



j^AR ^^NKSGIVING EDUCA^ 

£ s, 

• • 1,700 o o 
£ 1*700 o o 

tor 

nade in 1931 ^ ^ d, i ^ "——' -(_ « ) (Income) 

* * • • 112 10 o 

• • 62 10 o 


To Grants made in 1931 
„ Balance carried to Bailee Sheet* 


£^75 o o 


By ^ance (as per last Account) 
I, I^ividends received in 1931 


£ 1,700 o o 


£ s. d. 
75 o o 
100 o o 



To Amount (as per last Account) 


100 19 


By Investments (at cost):— 

£50 5 % War Stock (1929—47) 

slSK.S£Sf“>' ! % 



To ^st of Prize awarded in 1931 
„ Balance carried to Balance Sheet* 


£^ I II 


By ^Mce (as per last Account) 
„ Bmdends received in 1931 ^ 



j^i,ooo o o 


By Investment (at cost) •— s. d. 

' .. .. 1,000 O O 


To ^ount psu(l to Scholara in 1031 
,, Balance carried to Balance Sheet* 


(*fi ITU Yrt*%-r . £ ■ . ®* d, .( : ■ 


;^I,000 


31 5 o 

57 go 

£SS 7 p 




£ s. d. 
38 2 6 
50 5 0 
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HECENT DEVEEOPMENIB IN CATHODE-RAV OSCILLOGRAPHS. 

IP j, ~ ®y ■^* Wood. D Sc 

‘ ^ ^ >.« 5^, ^ 

Section &ih February^ 1932.) ' Meter and Instrument 

SuMMa-dtt '* 


-- lyiJiS.l .**NOi.KUMENT 

^ Summary. 

tivity are first coSr^ “*■ recording countered in lightning discharires ^ ® ®“' 

to {a) focusini? the being given surges in hicrh-rkrt ^ i- ^ trans- 

sensitivity of the photograpWc^brwTIS’ increasing the evoked much ingenuity on 

‘=®“t .“wterials as a Pi^osphores- P*^ysicists to devise suiSwe +w ^ ^ engineers and 

sensitivity and of faciUtatiS^" eLe™of?f“l Photographic When it is considi^dThs^i. recording. 

With regard^^ the cattode ravs routine, it will be reaJivf^' ”®prded as a 

observations on attention is paid to Lenar^s Perfection this tiTniT.; r {- camVH^**^ degree of 

rays and the apphoation^^H®l^®^^‘’^®'°“tyoathode P^P®^ deal ^th some of *+i 

voltage oscillographs fitted design of high- methods of generatinv a timA « °f important 

eirternal photo^J^. » vondow " for dirict pected impul« fP^! ^ ^ unex- 


2 HS- 1 S 3 S 3 H; 

isola^ electrical impulses. • * with the recording of I the voltage-deflection limits P^siioiiien« 


(1) Introduction 

.cathode-ray osciUo^nks importance of cathode-ray os^ovr^t ®®“®^tivity of 

described iid wnS^Sn ^®« <li“ensioS^<J^e^Sr^ 

of electrostatic, electromagneti^aS'Siot 5 "® 8 hions I accelerate the cathode rays voltage used to 

tavity. Since that time tw a,rf«^ Photo^aphic sensi- | ity is, however, much i^re Photographic sensitiv- 

have been used exteSh,2^ T^®^^"”®°f®s®ih®graph efficiency of a^ oSov^°k%5^''"i* *® The 

work and in research. “ routine commercial practical utility is dene^drat f °“,*^® standpoint of its 

This increased use of the e.+n .. sensitivity. It is 2.?^^ *. photographic 

nat„rAi 7 „ 1 .-^ X- ."®® *he cathode-rav oscilln«.A,,i, v.. +«_.. “ consequently a matter nf 


The ele +- . External " Photography. 


work ^ ta ““ to >o»fta. oom,^ 

This increased use of the ra+hrx/i^ 
naturaUy led to improvemente^n oscillograph has 
It IS the purpose of this paner technique, 

number of these improveite ^aw attention to a 
possible some of lie mwe pr^^ ^ m^cate as far as 
development. promismg hues of future 

graph mentiL^*to^e*trevious™^*^“™'''°^*®®® oscillo- 
for direct photogranhv be used 

as 600 or 600 vSts^and potentials as low 

lower potentials no S I observation at even 
drawing the distinction betivleSow ’"T I 

voltage oscillographs A ^ I’ and high- 

simply high- Mdlow-voltage^^S? classification is 
working over a range of *he former ^ 

usually, but not necessarily ^Sov J «ype 

mth methods of improving the “®hily 


sensitivity, i? fa ooTru “ f ^ photographic 

to consider ti vS^Sble^ 

this sensitivitv In +kl^ “ methods df increasing 

toH™to«S<b^'^^=!r" to'»«^ *« tof 

“'iSiH-Si-SiSi: 

“'SSSSSv— 

“ •toal with a™ to .u, .rt.r 

Focusing the Cathode Stream. 

toSowto’TS.'vSJl^ 01 

static, and electromagnetic “®^bamcal, electro¬ 
cathode rays were desS^' Of 

mettod, using a Wehnelt 


-to <. ^ 

♦ See References (i) a„d (3). | 80 antage as a means of increasing inteiiity Jh! 

■ ■• *'See Refereaoe ( 2 )* ..,■•■ 


































j!__Z2gg:_ggC ENT. DEVELOPMENTS. IK CATHOBB- HAV OSCILLOGRAPHS. 


bundle^of^fi^ appe^ed to consist of a heterogeneous 

linSte men ^^e 

j these fine, intense pencils wa<! 

fleeted through the pinhole tube a brilliant recor<iin.r 
was obtained which usually proved sufficient for 

^gh-speed recording. An ideal fLsing devSJSouLS 

in nt- “ sofewhat difficult to cany out 

~“y ^s'M.Tr^s/r, 

^ connecting the Wehnelt cylinder to one Md 

he findf Sra n^iti ^ ’’ condition, 

vood 7 °®§fative voltage applied to it produces a 

pass^es^MvhTv“*^^^“ ^Wch 

SrEi^ X- 1 

tatter condition is effected by the presence of a 
vection rnrrA«i7 electrodynamic attraction of the con- 
to “* »wo., 

s. '» tomplo 

course oa^l,!f , ' ,?«®''fle.J This method is. of 

cathode Sefflogr^i.^^^ ® low-voltage, hot- 

by^ ^ been used 

^^.atSOkV. 

?n ^ ^ «»at Of Ught). . ' 

dofleclLitoaa ditronSttrLfc * —** ““ “ 

stated to toSiiXto’S^ 7*^ «a to r 

toh toMot oTto Si S at 

Aioated filament surr^d 

reveals this effect very deSr 
beam isolated'^ ravs *'Ti^rsW the conical to 

the curvature and direction o/Sese oa^ ^^■7 be seen, ti\ 
siderably. Reversal of fiTam^ ^ ^'■arymg con- sil' 

S!£d o^^Sco^^;~^^ S“^"on: s 

,Wa..«=#y toa^a :^,^^ ^ JS'^.rto S! 


US ose of a ffiament with an oxide coated sheath asina o 

I va ves, might prove a satisfactory solution PCThaps the 
« same resffit could be achieved by coaSngTfilSiSt 

• nK+ol!. Tu hot-cathode tubes mav be 

‘ The fh^ increasing the temperature of the filament 

recently the upper limit appeared to be fixed hv 

sees 

cSL is foSiSTo^v 

screen in Rogowsld's exper£SSs°l2®sfS?S“J 
was ^tu^y considered L a mets'S JXcSg^SjI. 

I "internal "^oJ*d ''^M consequently adopted for both 

I Ln^f focused by a 

lo^^eL^Z ^ increasing the electron emission at 

done rS^?®^; has been 

oxide ®°“®?t»°“ with the development of 

cSwfofusfffi ta?’ “ barium-oxide 

barium-oxide-coated ®i®cb:on emission from a 

that of a ^ very much greater than 

Hodgsont states temperature, and 

any fhauL in S omn ^ 

after mo 

Sfore nmi! ^ filament should 

graph. ^ suitable for a cathode-ray oscallo- 




t Tbid., (4). 

§ fWrf.; (cj. 


(b) Photographic Film. 

The sensitivity of photographic films to cathode ravs 

to iSm ^The I whatever to their sensitivity 

tivel^L lit? *“P®rtance is to provide a sens! 
silvti Si ® proportion of sentitive 

photncrranin 4 /% l x ^ t ^ ®®l®ctmg a Suitable sensitive 

“ ^® ®®®® of low-voltage 

ffiA irt 1 ^ sufficiently penetrating to affect 

to w toy.,, rf a,..,, ^ 

• See Reference f7^- x n .... ^ ^ 


t (8). • 










IK CATHOOK.K.V 

to. With l 0 Wftr-*irAlr^/% 4 +„_ •• T ~ ---- 


St^ at witaS*bisrroo?* s®^®- 

gelatine is very rapid and only S^aS 

bromide are affected Th^ X sjinace layers of silver 

penetrated by cathode rays atM non 

at 3 000 volts can nnUr volts, whilst rays 

thickn^s ^ ^ ‘^®P*^ 1 P®r cent of the 

™'J>“aiy plates ’ Tha Woai™'* qnictly than 

is. bo^SkpSiSSn.”' “? '•^ 

sified. For recnr^nct * f course, be inten- 

plates are fairly satirf^^ noderala speeds these 

by1^“^p£Sl2 S *™' “ "h^s 

smgle-traveise^ords have 
»P voltage asto?;jS)5^i'^« 

dtSpSS,;^'*' ““ “ 

sensitivity®Cow.vSe^iSo£°^ ^ remarkably high 
at 100 0^ cycles oer^fv ^l^®.**® a smgle traverse 

^Hr: 

the •■ SchumanSsd '“°™ “ ’ 

converted by a somewhat d^r % P^®*®® ' 

snlphnSi Mill“,S"S1t M-f'T! it' Tw ' 

carefnUy withilawn wShed in Zv, ^ 

for 30 ^utes, and'drled^ SudiK^ run^g water o 
very thin lawr- nf t • * ^’^ch plates contam only a v 

very turn layer of emulsion, uniformly distributed and Z 

p‘Str^,*tt'haSss^L“” ” 

?s^«S“aS^n£S;-r-^ ? 

as already Stated ^ 
record well on ordinary plates. It sh^^L « •*' - 

possible, however, to o^n^a tothSfeJ^e of nff ^ 
graphic sensiti^dtv if at ann- ^'^®\“«ease of photo- ha 

tWckeningthesSitivelayTandf^^^ ^ 

SS^:iSSeJay’/^L"^" efficiently the whole du 


* See Rofbren^ (9) and (10). 

wed battay ^ of dewiiy 1-325 dfluted iHlhw.^„a, 


•the I W of Phosphorescent Materials in 

ver PaoUitate Photography. Increase or 

M e^o'T ilSi* "tiding by n^n.. of a. seoondsre 

sys o« h phSSrSS "Jt, &l5 

»«thed. The eUeflS,,l.t^“? '“™ ”•« *>* 
rk) that of extemai photography tonrse. 

is the Braun tube it w^,c J earliest days of 

is such STSaiouI^rf'^^® to photograph a pattern 
be retraces the seune track a 1 ^ ^ffich the cathode beam 
an cumulative effect of the c^’^ber of times. Xhe 

ge luminous spofSLLS ^ 

n- photographic layer (broi^ide pt?S or £ ® 

se contact with the fivtArnnoi ^ Placed in close 

phoresce^Sye^. ^ the phos- 

1- «^^*0??,“SeSxeTph;Sa2n^ 

io the author* in So P^to^aphic effect was made by 

d vrithasmaU^op^no11Sr“i’^*®^“P^®P®^®^ 

s- the sensitive ^Ivw-bromide 1^6^ “ 

r, phosphoresces with a Ho-h+ ^-u • tungstate 

g Sohniiann ptarTS. "“'“■v‘=l«, and 

light a, 

3 phoShSSTt E*®®ee ®f 

: maxkS ^srease S ^ 

^ by the fact that calciu^JS is^l “ 

: ».srpS^.^aSn.“^^ 

experiments a simple cold-cathode tulS^exc^d ^ ^ 
sp a rk coil 'r'l-ua /Neiw-t. i trube excited from a 

lot, -“"tM on a quarto 

orr^^,“,;S^hS^to to ^ 

viotet light to 

tti oSSSitto^ “toio 

of tha oaSftS? 

■^^ton the luipinous effect the formA ^ greater 

Wa^ reconJs whilst the t«otd nude by^lattf™’'*' 

















WOOD: RECENT DEVELOPMENTS IN CATHOD&RAY OSCILLOGRAPHS. 


^ remembered, of course, that he 
with high-voltage rays, whereas 

“ - ■ y;,^ 080 '^ski,* however, has also compared 

^““““ 0 "s " effects with a high-v^tage 
osaUograph, his results confirming the author’l ^ 

t^t,o i, advantages of external photography by the 

c^cumsLnces 

outweigh other considerations. Where the speed of 

s^mlnfi “ T ^ steeam is 

WIA records may be obtained in a 

smgle traverse M. von Ardennef has recently proved 

Usmg a Wehnelt cathode and the focusing arrangements 
already described, he has succeeded in itaini 43 
^^8 which g™ good 

ari*l+ y P^ariomena. He uses a camera lens of 

of I i‘ to form an image 

transient on a super-sensitive 
^ot^aphic plate. He uses calcium tungstate or 
^emite as ^e phosphorescent material for the screen 

?a S^r^ This tube 

tnbA * 1 ^^“ on previous forms of cathode-ray 

fai+hfi I many applications in the 

mtiiful recordmg of audio-frequency phenomena and in 

St tS°hSh® °f provided the frequency is 

.. ^ matter of interest, it may be men- 

honed that the tube worked equally weU -v^th either 

neut^^^ V^oopfog the filament leads to 
the magnetic field due to the filament. 

, and E. RuhlemannJ have measured the 

1 °^ ^ Mgh-voltage tube. 

At 66 kV the value found was 36 lumens per watt 

screen. They consider 

„«doJc o« . 0 . hWj, „ bo 

« ■■ '•«<»»' ■■. ««* •• 

energy and 

tocur propc^^ .occ^* 

Kinetic energy be ^;2 ^ pr 

of penetration d of the rays into a photo- ® 
graphic layer§ is proportional to . S' 

docz/^oo ’^ : I Cl 

On these grounds it is obvious that nnp n-f ^ ^ 

Of course the electrostatic voltage-sensitivity S of an S 


inversely proportional to the cathode 

A ^ 

o = - cm per volt 

where le is a constant depending on the linear dimensions 

“cdlograph,* which implies a small electrostatic 
sensitivity when V is large. 

When high-voltage phenomena are to be recorded 

•'““® of voltage sensitivity is of 

tiSbf^bta photographic sensi¬ 

tivity obtamed by increasing V outweighs aU other con- 



Fio. f W—Cato^^ray Mi^jo^ph due to A. Dufour 
(cold cathode, 60 kV). 




5 


t/W, (3). 

II (12). 


which a hot cathode is employed In hn+>» * *1 

.♦ Qaka _• ■_ A-A ’ 




§ iW»., (15). 


f Ibid,, (IS). 

II /Wa.: (16). 





Z2^iiggW^L0PMENTS IN CATHODE-RAY OSCILLOGKAPHS. 


“““ “ r«adtag 

v«W(y of aZ - "“■■‘J' »=■»■««« Ibf 

hiving » duraHon’of tto cidJS rS-'?'’ ^nnstaits 

recorded It will ^ of 10 second have been 

quencv-limit be seen, therefore, that the upper fre- 

the cnSe iS, ,=?“ '^‘i' »< 

in some detail bv T t u Pomt has been considered 
who teve Si? “'I Mines,* 

problem of hiffh t ^ theoretical aspect of the 
kno^ catLde rays of 

plates of between electrostatic deflecting 

allow for the indnctS^ ““®^^®*'able importance to 
tne inductance and capacitance of the leads 


45 


this ^nnSJ'+i, oscillate alo4 

passage through voltage, and after 

j;/aaaase Tnrough the window would fall a 





ihn. 

and deflecting plates of the oscillograph itself rr«+ 
required at the highest filSdi to Sofd 

tonble dnn tt, ^ »ciilSiSh^„i, “t 

will be Lt leeoring 

onc^ph Witt pl.oteg„pl*°e,S^^>' 

* See Reference (17). 

; " . ■■ Mbjid,, y-. 





Fig. 1(c).— Cathode-my osoillograiJi due t^ Ars 
(hot cathode, 1 000 volts) 

1€@B 

once becomes a practical possibiHty. ItisprofiSleaf 








IN CATHODE-RAY Os r.,r,n...,„. 

,6 to doal wi+Ti T T! r --*--- 


ps'-'SS's^iSS 



Initial 
velodty x e 
(c«« S X lOW 
cm/sec.) 


Table. 


Thickness of aluminium 
required to halve intensity 


Emergent 
velocity X c 


Thickness of aluminium, n 


_a gsggBBp I 

raaggiiaBB r 


of aluminium, „„ 

"= «»phi- 

tbe diagram\dth an . commences at the top of 
The velocity v is indicate?^ intensity. 

V IS mdicated at vanous points along tte I 


O-OI (10^) 

0-0065 ( 6 - 6 /*) 

0-003 (3^ 

0-002 (2u) 

0-0007 (0-7u) 

0-00026 (0-26jit) 


® = O-y/F X 10^ cm per sec. 

I = WV X 10-8 
lOMcmpersee. 

•I Jus relation, of course on Tv 

I c.uurse, only holds over a limited 


awam w 

.. 




■1 


evrx a07cm/seo 

See Refmence aS). ^ of aluim^^^ 

. * Reference ( 10 ),. ■• 





the intensitv of fV»A _ ^ ----—__ 


its initial cathode-ray stream to half 

a relatively simple^ttte^^H it is 

permissible thiclmess of aliim° maximum 

lay ^dow wS Se ^ <=a«i®<ie- 

altematively to calcuJa+A^^^ “ Imown, or 

O-Bfi (0-6 X 10-8 mm,’ Sa l®8f of thickness 

of intensity of so ner cAnf necessary, if a loss 

approximately 20 0(W volts if °°* exceeded, is 
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opposite siL ThA^ speed to the 

limited ultimatelv L of course be 

magnet itsel“ it X 

must therefore be useZ air-core magnet 

'SSSTE,* ““ 

which in this case haf inductance L 
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circuit 


Time def lectingp electro- 
mag-net of catftode-ray 
oscillograph 

f'lG. 4(a). 
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Vc = ^(1 — e-tlOB) 
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cathode-rav 
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Fig. 4(c). 
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fnSd.'^**^ conditions are 

is inductance method 
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Fig. 4(d). 

former case recording is relatively simnle a hcr,^ 
operat^ switch being sufficient to teaversfthe osciUat' 
mg spot across the plate. Methods of ^ordbinSe 

impulse arc considered later (see page 64). ^ 

(^^)2 Traverse. 
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Mgh-resistance wire mounted on the edge of a disc) which 
gives a linear variation of resistance with time between 
the limits R and zero. A discontinuity occurs when the 
brushes on the rheostat reach the end of the wire, the 
resistance rising from zero to R linearly and suddenly 
dropping from R to zero. The cathode-ray spot conse¬ 
quently crosses the plate or screen at a uniform speed 
from left to right, when it suddenly jumps back to its 
zero position and the cycle of operations is repeated. 
The frequency of repetition is of course determined by 
the speed of revolution of the disc. When the potentio¬ 
meter is used as a current-varying device in the electro¬ 
magnet deflecting circuit it is important that the brush 
resistance should always be small, otherwise the current 
will vary erratically and the time deflection of the spot 
will be non-linear. Such a trouble is not likely to arise 
in the case of electrostatic deflection. In this case, 
however, there is a limited range of practicable voltage 




, Fig, 5, —Cathode-ray oscillograph records of voltage fluctua¬ 
tions in neon-lamp flashing circuit. 

(a) Commencement of flashing. 

(&} Steady oscillation. 

variation consistent with sufiicient mechanical strength 
and electrical resistance in the potentiometer wire. 

The rotating-potentiometer method is limited to low 
speeds of traiverse since it becomes impracticable, or at 
any rate very difficult, to obtain satisfactory working at 
high speeds. For recording low-frequency phenomena, 
however, it serves a very useful purpose. 

The inductance and capacitance deflecting circuits 
shown in Fig. 4 may of course be used to give repeated 
linear traverses if the key shown in the diagram is 
replaced by a revolving commutator and brushes. 
The duration of make and break on the commutator will 
depend, of course, on the particular circumstances in 
which it is to be used. 

Neon-Lamp Method .—^The peculiar property of a neon 
lamp by virtue of which it requires a lugher voltage to 
initiate than to maintain its luminosity has been utilized 
by a number of workers to produce an intermittent 
action of controllable frequency. This efiect was first 
observed by II. St. S. O, Pearson,* using 

• See I^^erence (24). 


a condenser of capacitance C in series with a resistance iS 
and a voltage J&, the lamp being connected in parallel 
with the condenser. On making the circuit, the con¬ 
denser begins to acquire a charge and the voltage Vq 
across its terminals will rise according to the law 

Vo = E(l -- e-ttOR) 

The lamp will flash as soon as the voltage across the 
condenser reaches the upper critical striking voltage. 
When this occurs the condenser becomes shunted by a 
fairly low resistance, the lamp, and consequently loses 
its charge. The lamp continues to glow until the con¬ 
denser voltage Vo to the lower critical voltage at 
which current through the lamp ceases. The process is 
then repeated indefinitely. The time of a complete cycle 
is directly proportional to the capacitance in parallel 
and the resistance in series with the lamp. The periodic 
time is also affected by the applied voltage E. This 
device provides a very simple means of producing inter¬ 
mittent currents over a wide range of frequency. 
Cathode-ray oscillograph records of the voltage fluctua¬ 
tions across the condenser in such a circuit are shown 
in Fig. 6. The records show clearly the exponential rise 



Fig. 6 . —^Neon-tube circuit for repeated linear time base. 

of voltage as the condenser charges and the sudden fall 
as the lamp flashes. It will be seen that the voltage 
variation with time over the range l 3 dng between the two 
critical voltages of the lamp is approximately linear 
(actually, of course, the line forms a small part of an 
exponential curve). 

N. V. Kipping* has made use of this property of the 
neon-lamp flashing circuit to give a repeated linear (or 
almost linear) deflection of the cathode rays in a low- 
voltage oscillograph. The circuit is shown in Fig. 6. 
The *‘time base'' deflecting plates are connected as 
shown across a part of the series resistance R which 
limits the rate of charging of the condenser C. The 
frequency of repetition is controlled by varying R and C. 
With this arrangement Kipping was able to demonstrate 
the formation of a stationary pattern when the flashing 
frequency was S 3 mchronized with the wave-form under 
investigation. The method is advantageous when using 
an oscillograph in which it is not possible to photograph 
a single traverse of the cathode-ray “spot." It is 
useful also for the visual examination of single impulses 
or phenomena which occur at irregular intervals. 

G. I. Finch, R. W. Sutton, and A. E. Tookef have 
recently devised a modification of the neon-lainp time 
circtiit by ineans of which cathode-ray oscillograph traces 
due to recurring electrical and magnetic phenomena 

♦ See Reference (26). t(26). 
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can be accurately superposed, even though the train- 
frequency be subject to wide and irregular fluctuations. 
The underl 3 dng principle of this time base lies in the use 
of a glowing neon lamp which is extinguished by energy 
furnished either directly or indirectly by the phenomenon 
under investigation. The circuit was developed primar¬ 
ily with a view to the study of ignition-coil phenomena, 
consisting of trains of damped oscillations recurring 
at somewhat irregular intervals. In spite of the irregu¬ 
larities in the contact breaker, the non-uniform cam 
surfaces and the variable speed of the cam drive, the 
oscillograms, each consisting of several thousand super¬ 
posed traces, indicate that a remarkably good synchro¬ 
nization has been obtained. 

The ”Ticking-gnd ** Method ,—novel form of repeat¬ 
ing the linear time-axis for cathode-ray oscillographs has 
been described by E. V. Appleton, R. A. Watson Watt, 
and J. F. Herd.* This involves a special triode oscillator 
the potential changes of which, applied to the deflecting 
plates, cause the cathode-ray spot to move uniformly 
from left to right over a suitable range in a definite and 



controllable time, returning to zero almost instantane¬ 
ously. The circuit for supplying these voltages and 
s-pplyrng them to the cathode-ray oscillograph is shown 
in Fig. 7. Oscillations of about 1 million per s^ond 
are generated in the triode circuit which contains the 
coupled inductances and Lg (flat spiral coils having 
sufficient self-capacitance to complete the oscillatory 
circuit). In the grid circuit of this oscillator a con¬ 
denser C is connected in parallel with a diode D. With 
suitable adjustments, such an oscillator will generate 
ve^ brief trains of oscillations with uniform periods of 
quiescence. During the short oscillatory period the grid 
side of the condenser C is rapidly charged negatively, so 
that the cathode-ray spot is caused to travel practically 
instantaneously from right to left, the negative grid 
potential reducing the anode current to a value at which 
oscillations can no longer be maintained^ At this stage 
the condenser commences to discharge at a uniform irate 
through the saturated diode in a time determined by the 
constants of the diode and the capacitaiice of the con- 
denter C. This causes the cathode-ray spot to tra,vel 
♦ See Reference (37),. 


uniformly from left to right during the quiescent period 
of the oscillator. The rise of grid potential then raises 
the anode current to a critical value sufficient to restart 
oscillation, when the whole process is repeated. To 
make the right-to-left journey of the spot very rapid, the 
natural frequency of the oscillator is kept high and the 
capacitance of the condenser C as low as possible (e.g. 
less than O’OljUrF). The control of the rate of discharge 
of the condenser is most conveniently effected by means 
of the filament current of the diode. It is advisable, 
however, to run the valve filaments as brightly as 
possible to obtain the best conditions for linearity of the 
left-to-right deflection. Calibration of the time base may 
be effected by application of a sinusoidal oscillation of 
known frequency to the vertical ” deflecting plates of 
the oscillograph. If this a.c. frequency is 5 to 10 times 
the frequency of the time base, a check on the linearity 
of the deflection may be readily obtained. 

This type of repeating linear time-base has been used 
by R. A. Watson Watt and his collaborators as a powerful 
means of studying the wave-form of atmospherics. 

(ii )3 Circttlar or Elliptical Time Axis, Harmonic Com¬ 
parison of Frequencies, 

The cathode-ray oscillograph provides a very con - 
venient means of frequency comparison for high-fre- 



Fig. 8.—Low-frequency circular time trace with high 
frequency superposed on anode potential to give radial 
oscillation. 

quency electrical oscillations. N. V. Kipping* and 
D. W. Dyef have both described such methods, and the 
latter has also applied them to the production of an 
approximately linear time-base for recording j)eriodic 
phenomena. 

The simplest method of frequency comparison consists 
in forming a Lissajous figure by applying an alternating 
e.m.f. of known variable frequency to one pair of deflect¬ 
ing plates and the e.m.f. of unknown frequency to the 
other pair at right angles. When the ratio of these 
frequencies is a whole number the spot describes a 
Lissajous figure. If the ratio is an exact integer the 
figure is stationary, but if the ratio departs slightly from 
a whole number the figure appears to change slowly, 
repeating its original form at a frequency corresponding 
to the number of cycles per second departure from the 
exact whole-number ratio. The method can be applied 
conveniently up to a ratio of 10 : 1 in frequency; but 
much beyond this ratio the exact setting is somewhat 
troublesome. The method may be applied, however, to 
determine a high frequency (e.g. 10® cycles per sec.) in 
* See Reference (26). I ( 28 ),. 
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terms of an accurately known low frequency (10® cycles 
^ in steps of, say,. 10 : 1 

The alternative method, devised independentiy by 
Kipping and Dye, allows the direct comparison of grkter 

Lissajous-figure 

ellintiVai consists m producing a circular or 

n=^+^ tune-frace, of known frequency, on which the 
scillations to be investigated are superposed. Kipping 
trace by the phase-splitting method 
indicated m Fig. 8, m which the resistance £ is made 
equal to l/(wG). In tliis way two equal deflections in 
quadrature produce the circular trace. The high-fre- 

superposed on the anode 
potential. This results in a small oscillation in the 






Ci) 



C"' 



Fig. 9. 


of frequency 26 times that of circular time-base 
(0) CirouW deflection of frequency 26 times that of circular ttaeS* 

J-} rotations in same direction. 

w Circular rotations in opposite directions, 

W Linear oscillations superposed on long eUipticaltimerbase. 

velocity of the cathode rays and a consequent oscillation 
m the seasitivify of the bsciUograph. The diameter of 
the curcular trace therefore varies with the total instan¬ 
taneous anode potential, the alternating voltage thus 
produc^g a radial displacement. If the frequency of the 
altemabohs ^pplied to the anode circuit is any whole 
multi^q .?? of the ciircle frequency, then the drde will 
have .AT waves oh its circumference [see Fig. 9fan a 

rafof superposition is that a 
rather high voltage at the upper frequency,is required to 
produce a sufadent radial deflection ' 

eniploying a tuning- 
fork of standard frequency (1 000 cycles per sec.) providll 
an amplifi^ and " smoother " ^aa a sLce of 

^tenmtmg/current for the drcular time-base. He 
descnbes ^ two oth« methods in which the high- 
^ ^equency osciUatiqp is superposed on the carcular (or 


elliptical) time-base (a) as a small circular movement 
and (6) as a vibratorj'^ movement in a fixed direction. 
With regard to (a), the appearance is that of a circular 
looped pattern, the number of loops being (N ± 1), 
where N is the ratio (a whole number) of the superposed 
frequency to that of the circle. The plus and minus 
signs anse on account of the simultaneous rotation of the 
circular time-base and the high-frequency oscillation in 
the opposite or the same direction [see Fig. 9(6)]. 

This method is, however, unsuitable for the examina- 
taon of wave-forms. For this purpose method (6) is pre- 
fCTable. The high-frequency motion now takes place 
^ong a straight line of fixed direction, whilst the low- 
frequency time-b^e remains as before. Instead of 
using a circular time-base, however, the spot is now 
warded to follow an elliptical path of large eccentricity. 
TIm is achieved by reducing the potential appUed to one 
pair of plates and increasing the potential of the com¬ 
ponent in quadrature. The time base is now a long, 
nanow ellipse with the high-frequency displacement at 
right angles to the major axis [see Fig. 9(c)]. By this 
means a considerable portion of the " time-eUipse " is 
now described with almost uniform velocity, thus pro¬ 
viding an almost Unear time-base. The wave-form of a 
supeiposed high-frequency osciUation is deUneated in this 
region without appreciable distortion. These three 
methods developed by Dye are very convenient for the 
study of the frequency and wave-form of high-frequency 
oscillations by means of a simple visual-tjipe oscillograph 
(e.g. the Western Electric 300-volt oscUlograph). When 
the stationary figure has been obtained it is possible to 
obtmn a record directly on bromide paper by placing it 
in close contact with the phosphorescent screen for a few 
seconds. 

(S) Potential Dividers. 

_ When the voltage applied to the electrostatic deflect¬ 
ing plates of the oscillograph becomes so high that the 
m^imum possible deflection is attained, it is necessary 
either («) to reduce the sensitivity of the oscillograph bv 
mcre^mg the distance apart of the plates and/or 
reducing their length, of (6) to provide some means of 
reducmg m a known ratio the potential appUed to the 

deflecting plates of the oscillograph. 

With regard to the second method, it is important to 
ensure that this potential-division is not accompanied 
by distortion of wave-form. This impUes that the dis- 
tabu-bon of current and voltage is not appreciably dis¬ 
turbed by the introduction of the potential divider, 
as mght occur by the introduction of appreciable 
resist^ces or cap^tances in a resonant circuit. At 
very high frequencies or in the case of impulses of very 
short duration, such a condition is not always easy to 
11 1 clearly impossible to deal even briefly with 

all tte cases which may arise, but it may be of some 
y^ue to refer to one or two specific cases of general 
interest. The question of potential-dividers for cathode- 
ray Mcillographs has been dealt with in some detail by 
W Rogowski, O. Wolff, and H; Klemperer.* They 
4A 1X7*2 cases where potentials of the order of 10 to 
30 kV :teye been applied directly to the deflecting plates 
of a high-voltage oscillograph (the ekeiting potential 

* See Kelerence (29). :. 
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bias's 

such as those Potenm divider 

of subdividing voltage con^iti^f ^ ^ means 

those of (a) Ld between 

not suitable for dealing 
duration, in conseouenrT*^#^« 
deflecting plates of the osciUogrSi 

only the capacitance type of^Senti^^ 

used with safety. ^ * potential divider can be 

(C) Timing of Single Imptdses. 

Thespotis seti3SLn 

of deleting pSt2 before’the 

Of the spot, across the plate fn^he. ! 

at such a speed that the traverse the spot 

detail in? JXS^^tw 

impulse occurs whilS^he s^nt • ““P^®*® electrical 

Dla.te TVia • ij_ spot IS on the photoeraohir* 

,<x 

technical skill. considerable ingenuity and 

30 metres per sec LT^’ , speed of 20 or 

Using the single tra, e^ a P^te length of about 6 cm. 
on pige 8 wf method described 

deflection commSerabSitT^^%*^* ™P“^®® 

edge of the pto k *'*? *“”* **'® 

point off the left-hand ige oTthe^i?^^ mitiaUy to a 
auxiliary winding on plate by means of an 

.witch ic cc«vcnto.h^S‘^'"S“'i”blc 

sr.XdTci: 

the electrical impu£ ?f S? to Vitiate 

considering the Particular case we are 

sravitv a^ an-angement* consists of a pivoted 

XXS‘.T- S' 

condenser diseJ^ri^'* ‘^®^P®d oscillation of a 

a frequency of 20^0. ^ mductive resistance at 

wlichlc to mch 

spring. andSe lfit iT ^ ®toong 


Pf cathode-ray oscillogra phs. 

v«yi.g th. ecS^XX «!«>■» bj 

the to.iM.to U,, CoftS SiL " *'>’ ''“>*« 

employs a revolving 

the toqniS "SiSr'?'' “ S'™ 

very high speeds but it io i-h device can be used at 
to uncertain contact between brush ^ trouble due 

Since the advent of 
graph, a considerable amount 5 
by bigh-voltaee elerfrt/-Qi • attention has been paid 

e4.tf of SfofT^^a^ *^® toe 

bigh-voltage lines ^ In the l 9 ++®^ ‘^”® switching in 
the record cr?e brou^^! ^ toe “ timing " of 
arrangement of autom +• control by a suitable 

K B*^LiSn.tSto I•““f*'’ 

in spark-gaps by meaL of the n time-lags 


Line 



1 

50 000 volts (d.c.) 


-Target 


■Small orifice 
•Timing plates 


Rec^inj 


Fig. U.—Norinderrelay-MciUogiaph. 

to'to ^SSo i. toprotooa 

direction of rotation of thn right angles to the 

the fllm). (supporting 

to deflect the rays at right arranged 

deflection, the timing of the imMl!° tow-frequency 
by means of 

what similar to that described aSDi T'L®®^®; 

has studied by such mefhn/ic X -K. Bergerf 

short-circuits, earth faults and ^^t arising from 
m high-voltage lines. By’ meL^J^® operations 
he followed the progress of a ^ oscillograph 

former winding KTesuit „f a W 

was able to Sinrout ?h? <s? observations he 
foTxns of choking coils for nroterf^^ certain 

The recording S hgE^?e,”t 

difficult matter, on accountant th^^ ^ much more 
time of arrival ^f SielmSe The ^ the 

must necessarily be automtic ^ha*r^ “ “®® 

itoeff gating the time defl^tio^^of"^^^^^ 

•SeeKeWe,^,, t (IS, : , 



wuuu; 


hal been dev/se? ^ xh ^ 

employs a beam of mrangement 

■ functira of S aJ the dual 

When a lightning surge arrivpa°^^^*^ target, 

potential is annliVH +v> ^ ^ Proportionate deflecting 

XTT ^ '*'*“»« p'*«^ 
«h. b«™ rClLSf 

reversed by a seconrt naf same potential 

suitable adjustment of fhp deflecting plates. By 

these two pairs of deflecting pEsX °I 

to pass through a small caused 

applied potenthl. This oi«S 

as the " pivoting noinf may therefore be regarded 

s: cS?'„;rMr\ ? 

passage of the impulse Tha , only during the 
by the oscillograph itself aud*^^ function is performed 
Of any transiS'^wfilrft mTStr^T^^^^^ 

time the surge has travelled only 1 metre.' 

debtors to'Se^AdnSjvf'*"'’'^ express his in- 
this paper. Admiralty for permission to publish 
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Summary. 


Summary. 

ouSrS type of cathode- 

encountered in ^Moh are 

cussed, including errors i^erent instrument are dis- 

duetotheeffectof g^ItJSuSi « tube, especially those 

methods, and various mettods^^^' photographic 

The chief part^X^an^® cahbrating are conddered. 
known as the '"threshold effect 

2 fifr* 

SLr- - = 2 S. 3 r?“ 


-- 

Conclusion. 


Introduction. Contents. 

General Errors inherent to Tube. 

condmS^^®^ ‘=“^ature; effect of gas 

Errors of Manipulation. 

•l«ctrStatic«^ * “ * ustraaentsi stray 
Recording. 

cuSS^a??*:?" -t ot W a.™*, aitartattoa- 

Introductory,!, / 

Prefatory remarks. 

Method of experimenting. 

»< tto " tlws- 

dJSS^' vollag* aod 

Cause oif tile threshold effecL 

EffS the threshold effect 

-affect of resistance in series «h+k Jl , . 


5 Introduction. 

interesting example of the isistaSrJhnr”****®®, “ “ 
IS constantly giving to elertnVaj physics 

the fact that un ^s th! ® . ^"^“eering, and also oj 

tion of tS appaStaf underlying the opera- 

conclusions I^y be drawn 

. The Wehnell caSr£?n Srfr’'*^^- 

introduced into English nnH ^ ®°°n 

ray tubes and iS », • ® ^ °t cathode- 

von Ardenne tube ^ embodied in the 

I quicker in recording reqai^ **^dugh 

™Magc o£ between 100 arS^SS vote 

■d pSSSTS 

i;?oinc.^“cSitr"- Sy 'SS’S 

effect.-' “ of such errors, e.g. the "threshold 

It should be noted that the word "error" i ^ 
rather as meaning ^ — i?. . . . ^ ^sed 


sp ? eitect.” —r-*», '-•6. LUC Tjoresno. 

General rGmm-L-o ♦ ..j: j • . ® ■“sually accepted sense. ij? .. 7, ^ 


P^ZS rn~^ “y 

therefore, '' error ** h^^rra ®cessary. In the man 
sensitivity of the tub#> f departure of th 

this deSSre the theoretical sensitivitj 

i« % tdUtion Wc» 

»kio„ 

SSSSww"-^a“^'"a 

which are not paraUel is small <,i*u_ I 


Vi HTcquency on the threshold effect faults due to defects in 

be^gpn the threshold eff^t. “ ® ^nve a plates ^ay distort aftersSL^Sm^w“l^’ 
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plates 

alo^g^he ^ ^ displacement 

pair of BlS displacement produced by the 

when in thfl. « <fnsideration would be different 

If X is +li<a /?• ^ when in the position B 

^ IS the displacement of the cathode stream from the 


B 

Fig. 1. 

_F_ 

a -t- « (tan f/j + tan ^2)- 

Hence the error is 


^ + a? (tan e/j + tan 6^) 


X 100 per cent 




d 

d + X (tan 6^2 + tan ^ 100 per ( 


If the deflection in the direction AB were va™-n» 
sinusoidally, the difference between the deflectioT^t 
right angles to AB. and at the extremes of tht * 

r"“ 

In the case of the Standard Telephone Co.’s tube:* 

^ ^ ^ cmj 5 =: 2 cm; and assume x _o*9 om 

and tan + tan = o-l (f) - fl -" oof 7,.® ^ 
between two extremes ^ i 

=» 2^1 - —\ 

N 0-5+ 0-2 X O-ij ^ 100 per cent 

= 2(1 — 0-962) X 100 per cent = 7-6 per cent 

Mrrw of Cunatwe of Screen,—Whou the radius nf 
^ature of the fluorescent screen is not SuS^rthe 

?S?ent^r "“d th^ screen 

^ lew per cent may occur at laro-f^ 

^ '* ^ <» -is 

^MectofGeaConduaionbetweenD^ectingPUUs.^ 

• fact that the gas in the tube is ionized 

tube, aod in°^ ^1 be designated as the No 4220 

as the No. 40l4 tuEl *^*/^*" Pattern tube wfll similarly 


when the cathode beam is in action, there is a con 
ductmg path between the plates. The effect of this t 
^y apparent under two sets of conditions: (1) Whei 
of energy for producing a deflection is 
in sfi-'A ^ (2) When a resistance is placed 

^ resistance is B. and the 

niJ^tts H^Lso te the gas is 

dAnTA. 4 ■ “ is a charged con¬ 

denser of very small capacitance, as soon as 4e con¬ 
denser is connected to the plates the voltage will decrease 

apparent in such a case would be due 

a“°®® P^*®® BV/{B + B,) where F 

IS the deflecting potential. ^ ^ * wnere V 

The error is therefore 


^E + nJ 

"y --— X 100 per cent 


and if i? = JcE^ the error is 


1) ^ 100 per cent 

_ 1 

— JIJTj X 100 per cent 

w]tfaA^+b°* comtant, but varies with the deflectim 
vol^e, this matter is dealt with more fufly under th 
Section entitled “ The Threshold Effect." 

Errors of Manipulation. 

The Effect of Besistance in the Anode Circuit. 

The mahers of hot-cathode tubes recommend the use 

the between the anode and the positive of 

the high-tension supply, so as to limit the fimicgiA,. in 

forSft,? r*’ «“i®te case of the 

ATth? ^ between the anode and the filameiS: 
As the emission current is carried by this resistance a 

tte vS^?T+b“"*^’ *1°®® “otSeive 

SSer^S't The effect of t^ 

difference in mcreasmg the sensitivity of the tube iu 

typical:— ° following figures are 

I Nominal anode voltage = 200 volts 

^ries resistance = 2 000 ohms 

Emission current - 0 -6 milliamp. 

Error for electrostatic deflections = i ^r cent 

» electromagnetic ,. = J per cent 

r - exceeding this Value of limiting 

resistance wiU therefore be seen. «*muug 







Threshold Effect. 

ing voltage had to be reache^brf^®^'^ 
place. The result of th.» r, ^ ®“y deflection took 

show that this is onlv an “I'^estigation goes to 

siKvlty althoJe; t™*. as .L .en- 

fleeting voltagi. go, electiSni^V^’n 'T’' '*•- 

ever, no such effect ia ann deflections, how- 

-ith n^ore fu% in thS^^ of^^ 

Error due to Non-central Zero Spot. 

edge of th^sc^t^SdthS ai?c 
into evidence in whjf are raau^ curvature error comes 
curvature correction would 
-lo position as well as to the TeLSed^o^SS^ 

The Use of External Deflecting Plates. 

tu£^fnorde?toobtinLSoSt"' 

to the plates has been suSSteT ^ 

bigb-vacuum tube, resulte^ ^ 

but with the type «nS^c?nsW^a?“%“r 

possible. Tl^is because '^®^®®tions are not 

quantity of gas in the tube Iwch 
operation becomes highlv ioni^^i k t^®. tube is in 
of the electrons from^ tte cathode coUision 

molecules in the tube R,? i ^ ^ *be gas 

tube and applying a differJ^ ^ n^g plates outside the 
ioM in ?'to tt,„, a. 

electric field thus se/nrfar.g? fc^ influence of the 
of th. f«b«i 2 SL‘ 2 „?^r •'■'“lit 

across it and so producing gradient 

spot. proauemg very little deflection of the 

LotLn Su 4 e 1 n’"tt^ut“of East 

if was found ttat for a cold^-(rtSi^+?t^®‘^*^ 
deflections using internal and « .tube the ratio of 
was about lU-l The external deflecting plates 
was 117 : 1 . From a^riTf*'^® ^224 tube 
"fa^ to th. screening S' 

£S?£Sr*‘'W.“*^ 

IS 0 • 72 of tile field outside and diameta- 

diameter and walls of the s2il 
assuming that the tube i« ni ®®^® *bickness, it is 0- 92, 

of infinite extent. Hen,i^i^ 2 ^®!“ Plates 

charges will account for the cre?«“ * 5 ^* 
for potentials applied to exterSl pZtS deflection 

^on-uniform Field of Coils. 

-aflt of the deu 

however, nothinno SS^f .^^ere is, 

field over the small area enclosed h “““"““‘formity of the 
of the beam. enclosed by the extreme positions 


External Influences. 

The Influence of Stray Magnetic Fields. 

part of the^sSSbymSS S^o?e°* conveniei 

or bar magnets. This iq c borseshc 

a magnet situated at the end^of ‘th“'* + ^ ®’=^“gin 
the screen. It is Tne^u ^ ^ beyon 

magnet fairly close to the /. oo?^ory fo have th 

fliverging.nng..«c«eH/so‘l';r.St^L=‘rS 


Anode 




Cathode toy 


Filament 



Pig. 2. 


d‘.-r;z s p- 

the applied deflecting force The er^ subtract froj 
produced by this is und<»f. A . i • which would b 

WhenthetubS!?ppliedby]S^Sa d*'”' 

another magnet ^ to^h^f 

heavyfilamltcun^nttSi^J^'^n®^-. ^ *1^' 

^i*'“in‘TK^r«*-".^,:S'rri; 

fo cans, .. s JaTto-J ^"£10^“,^ 



Fig. 3 (diagrammatic). 


emerges it is usually found that the soreadin^ ^ jl, 

the magnet causes the stream 

tube at some poSt JoS^rt S,-« 

troduction of tte magnft contidi^rT'^*®® “ 

causes the beam to Se the 

9 ^g to the beam impingina oJ^ ' 

it is scarcely possible to ohtain ®crMn at an angli 

deflection is unlikely to be nronoi-r ®E®t. and th 

force. Several 

the most successful was the foltowimr^ authors am 
in Fi?.^ StTvtte'ns showi 

m the centre to fit closely around the f a hole 

being held together by screws When 
w«g cor^ctea h. »ifl. W 



iii 

III 

li 

mi: 

TB 

h 


IW 

11 

I 

i 


11 


Sr 


= ii{i 

f 


i 




:ili. 


Siji: 

"I 


I 

I 


80 MacGREGOR-MORRIS AND WRIGHT: ACCURACY OF MEASUREMENTS 


suphed from a 2-vplt cell, it was found easy to control 
the cathode stream and make it enter the hole by varv- 
Se rotating the paxolin carrier around 

stray field from this arrangement is relaltively 
weak, and by reversing the direction, of the current 

it i® only neces- 

^t!’* counting should be able to rotate through 

ti*o current had flowed 
toough the coils there was sufficient remanent mag- 
netem m the iron (which had not been annealed after 
flattening and bending) to do away with the battery. 

a battety^^ about a year without 

respect to any stray 
m^etic fields, e.g. from instruments or the earth’s 
held, must obviously remain unaltered during caUbra 
tion and use. 


External Electric Fields. 

It IS unlikely tliat the tube would be subjected to any 
s rong electric field, and in case of doubt it would be 

surround the tube with a suitable 
eaithed metallic cage or screen. 

^ potential differing 
S anode, there is a possibility 

or ele^ostatic action occurring, so that the preferable 

^°^® i® connect them to the anode 
tout If this cannot be done a layer of tinfoU round the 
tube under the coils is sufficient to act as a screen when 
connected to the anode. Although it is difficult to 
produce a deflection by a potential applied outside the 
tube when a steady voltage is used, it is possible to get 
a movement of the spot when the voltage is alternating. 

^ , Recording. 

Tmcing, 

The ^mplest method of obtaining a true record of 
^y paths traced out by the spot is to use tracing paper 
^d make a tracing of the curve obtained. There are 

+rK» being that in the case of a 

TObe like ttiat supphed by Messrs. Edwards, where the 
fluorescent screen is not on the end of the tube, but on 
^s^arate mounting, it is impossible to trace it accu¬ 
rately. The other objection is that where the pheno- 

regularity it is extremely 
ai:^ult to reproduce the mean curve. The first diffi¬ 
culty can toe overcome by using a camera with a focusing 
preen, ^d tracing the image produce on it. This is 
not pos’sible where the speed of travel of the spot is too 
great to produce a very intense line dn the fluorescent 
s^en. A^further difficulty is that it-is necessary to 
Itove complete daxtoess in order to be able to see the 
trace on tbe camera screen. 

By pirect Photography^ 

or Gaslight Paper.—A a alternative to tracing 
i* automatically by laying a photo- 
^phic film on the end of the tube and developing the 
lat^t image^ “ bromide: paper can be freed 

filfli. It is difficult to state definitely 
^be two, film or pap«, is the better, as tiie 
conditions COTuot be specified. , It is, however,- much 



easier to form a damp piece of gaslight or bromide paper 
to the end of the tube than to adapt for this purpose 
ae wmp^afrvely unyielding film. On the other h^d. 
the film is far more rapid photographicafiy than the 
■'lumbers for the film and paper 
would be about 300 and 20, or relatively 16 to 1. The 
film, even if panchromatic, is more sensitive to blue or 
yellow, and the opposite is the case 
with the paper. This will make the relative speeds still 
more unequal. Any number of copies can be printed 
** would only be possible to do this 
Witt the paper after a considerable amount of trouble 

• method, although interesting, 

IS difficult to realize in practice. A photographic emul- 
sion K made and run on the surface of a plaster of paris 
mould of the end of the tube. When the emulsion has 
set, the mould is used in the same way as the film 
development being carried out by pouring the fluid into 
the cup of the mould. The trouble entailed by this 
method renders it unsuitable for obtaining a large num¬ 
ber of record^. The fact that the emulsion with the 
image is stuck to the cast renders the method cumber¬ 
some and it IS not known whether stripping solutions 

The transfer it to a glass plate. 

The possibihty of using a pantograph has been suggested. 

Camera Photography, 

siniplMt way of recording is by means of the 
cainera A darkened room is not necessary in this case 

Sht'ti^h+ l ^ “to a small 

te, the camera shutter being operated from 

outside. The one groat objection to this method is that 
only a smaU fraction of the photographic energy of 
the trace on the screen is available for producing an 

Tn^^esSy! a long expLre 

_ TypicalJte^lis.~Vaing a camera with an aperture of 
•t/7- 7, and obtainmg an image reduced about two-thirds 
ann an ordinary plate with a speed of 1 400 H & D* 
with the Edwards tube, which has a mica screen the 
expMure necessary for a mean speed of travel of the 
spot of 3 metres per sec. is about 40 seconds when the 

tube exciting voltage is 350 volts. 

With a inbe having the fluorescent material mounted 
on a mica screen, only about i per cent of the total light 
energy is received on the sensitized emulsion, while with 
tte gl^s mounting the value is about 4 per cent, this 
fi^re ha^g been calculated and confirmed experimen- . 
tally. It should, however, be mentioned that the direct- 
con^t pnnt does not yield a sharp record, owing to the 
wall of the tube being interposed 

between the lummous spot and the film. ' 

Methods OF Calibration AN0 Evaluation. 

General Remarks. : 

A connection between the deflecting force and the 
defleetton were of a strictly linear nature, it would be 
a simple matter to evaluate the traces, as all that would 
toe necessary would toe to ototain two points to estatolish 
the constants of the law. Unfortunately it is not so 
simple, and practically the only way of evaluating the 
remits i£| to Resort to preliminary calibratioDi. 

The mithors found thatfrhe b^^ way of ffie^iiiing-up^v ■ : ’ 





hot-filament cathode-rav tubes. 


dmdeis and scie are moj 

so accurate. In the case of a "®®' t^iough not 

a pantograph cohld be used 
photographic image to a curv^n^ enlarging from the 
a calibration curve is obtSI^ o P^P“- Oaee 

nates of a point and “^““^^“nnecting the co-ordi- 
it is a straightforw'ard which it relates. 

Several methods of calibration foUio^^^ calibration, 
a brief description of 7 mSCd 
preliminary calibration. ^ which does away with 

tflg Dl}$ct Cnyy^ni ny l/nl* 

produce a deflection of the^snn 7 u~~°T '® *° 

voltage on the deflect^? 0?^*° ^ of 

through the coils, and record th; 
by one of the methods position of the spot 

si»»w It b.ss^toStrT“"t 

Ptodnctd by , given w «l» iltfalion 

I_d.c, volts 

. h — Max. a.c » 


Alternating* 

current 


Zero a.c. volts 

,^Max d.c M 


- -Direct 

current"-- 

Fig. 4. 

*’"» ■« the tHusveree 

J;«l Of tm wavf ^ 

advantages. Either several dis¬ 
its peak value must he nmst be sinusoidal or 

is sometimes difficult to ** 

photographically or otherwise *1“^® for tracing, 

the spot It irsee^^ it is for 

between the sinusoidaIlv^va°^^^^*^ to use the relation 
obtain the relation het^ quantity and time to 

» f».ao„ ,h«S “ “ 

^^P ’^^^^^brated in terms “ aitangement I 

-\ 4 L 7 itds'l2al£lrcSif 

right angles simultaneously S be 

alternating quantity is aJkilabffi ^ if T 

apphed ih one dfre^don fi* ‘ if <i“'ect current is 

toprodfrce deflectionaatright^w£fhf'"2f“* ®PP“^ 

record would be a series ^7® fo this, the resultant 

the alternating part is varied^^^^'^ straight lines, and as 

a aw i. obSwwSlir* “ “a«My part 


“ L’^‘tSn 2 SS,“‘ i" “1 "'“‘‘a”’ 

In this case a ^iltepatS^l^l. 

the lines paxalS orLm^^- either with all 

co^tancy of the force/deflecSeSiot^s'ee^ 

numbers correloudi^T h ^ few 

a complete Saph Jf hues, 

is not easy STiaSiSn mentioned that this 

lines are distinctlv hn’^Tif ' +u* ends of the 

ft. Vbltegrt „Sd.r .ZSidTd 0 vSf 
alternately to the twr, L- t ' '^oltage are applied 

being so ^Jortfoned ~*ititors 

tion the voC Y ^ P®rt of a revolu- 

current being Spiled for the^^A^ is applied, the direct 

ing separatefy S P"*^' 

produced by them can be mndA f the spot 

un+i] ^ • ., ” made to move over the scrfvf^n 

««« « » comadm, rta, ,h. t^, „ 


A-C. volts constant 
giving* lines ' 

D.C volts constant. 
g:iving-steps 



t-^^®e.can be measured 
I calibration is disDensed of preliminary 

I - ■»!, .u^bitTS S. “ 

IS repeating e-vactlv fnr a., i '‘^‘fer analysis 

in this way This^method^H*^^ 7 ** evaluate 

C. A. Luxffird i Ea^^ Mr. 

found « wo* eJLS^yl"'^” “'e*- “■> ^ b«n 

The Threshold Effect. 

previously,^a^conmofr TOt^f Se catf ^d quoted 

deflection. This voltae-e wJ^ s apparently produce no 
the •'threshifvoS- u 

effect would be dimhiished by“eScinrS fiS* 
current or the anode voltage ^ the filament 

nuft^*^”^^.PfOvM by tb. pr*.„, 

nMnfactort, and it was ttelt°tl^‘?if 'J'”™ 
less sensitive to voltaues hAi™^ ttot the tube, though 

>as to volteges above this figure^ still 

deflections. Sure, sUll gave measurable 

v<rf.209. p. 80S. 
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Introductory Remarks on the Experiments Made. 

was sl«n Jioused in a black box in which 

^ be done 

S previously been found 

tween deflection and current when coils were used for 

SrSIhiffe therefore 

i f 1" P^O'*«cing a reference base for the 

e tube so that they would produce deflections in a 
horizontal direction, while a-pair of plates were Sed 
for producing vertical deflections, 

of the- Threshold 

witn a view to determining whether the threshold effect 
was one of geometry, in that the effect may be due to 

Table 1. 


Voltage 


Reflection, mm 


S ^iCF-V[±(f-io)j 
where S == deflection in miUimetres, 

V = deflecting potential, 

^ ~ conduction current at the voltage F, 
r?-”' .1 ** zero voltage, 

h = const^t^^ constant as derived theoretically, 

thJ^Lfis explained bj 
Charge must disappear at om 
£Je and appear at the other as the voftege on 

SS^af f *bif means a 

+!,« * ^ talong account of the relative nature oi 

Four *6?^ T the deflecting plates is obtained. 

Fif e iSTS^c are given in 

f2‘ 7 coreespondmg conduction currents in 

^ voltages of 360, 320, 280, and 260 volts 

Fig- 6 shows points obtained from the 

Table*2°Md the obtained are summarized in 

fable 2. and the values were derived from simultaneous 

Table 2. 


JPx plates 


+ 7-8 
+ 6-2 
+ 2*6 
0 

- 2*6 
- 6-2 
-7-8 


6*34 

3-74 

1-72 

0 

1-67 

3-99 

6-63 


Py plates 


Anode 

voltage 


6*49 

4*32 

2-06 

0 

— 1-83 

— 4-10 

— 6-52 


350 

320 

280 

250 


1-H8 

1*04 

i-112 

1-56 


Sensitivity, 


0-828 

0-917 

1*063 

1-212 


Theoretical 

sensitivity 


0-841 

0-920. 

1*061 

1*178 


Error 


per cent 
- 1-6 
-0-4 
+ 1-0 
+ 3-0 


tte position of the beam in the Imbe, any stray effects 

reMrdf°*“^^^ ^ 0“ the tube waj£. The 

i^rds were made m the form of (a) q>aced dots these 

YM^n by a series of steady deflecting potenSS • 

(J> spaced paraUel Unes; and (c) a griue natt^ Th^ 

^ Tto fart^/th^ “ ^®^ble 1. 

ne tact that the hnes neither converge nor divervp 

.r “ '“S'" 

tt«e ^ t•lectfonugiiea,!, »nd > dj«goii«l 
voltsge was thAn anr.i‘A^*^° obtainedi A biasing 
curr^t in^n A f. “ ®®"®® the alternating 
+r=^ oppoate directions successively the thrJ 

tr^ bemg recorded on one negative, and t£ 

SouSS “5 “?«'-»» '»»»€“Z 

the beam +i. o*ily in the zero position of 

0 / connecting Voltage and 

tion ^ ®° W 


substituting in the equation value. 

obtamed from the experimental curves. 

The Cause of the Threshold Effect. 

tbe threshold 

wL^a^ ®®®®*- ^bis can be done vorv 

HaAa « ®sn be made to flow between the 

deflectmg plates free ions must be in existence ^hSe 
^ pnUueM t, d«*o», to thoSS 
which has penetrated beyond the anode, partly by the 
escap® of electrons from the stream aM nartlv bv 

colhsion with gas molecules. ^ ^ ^ 

ev^ST ‘I"*® ® bigb velocity, so that 

Sew u^T “ 8^^®“* bSween the 

own ®°“® «acb them by their 

t^nT I ^ potential difference is set up between 

plat^, however, a definite drift will be sef up elec¬ 
ted 1“^ plate and positiw ions 

SSbr? «^®at difference between 

SSw LC'+r . ‘•®- ®P“® ®baxge, near the 
b?^I! ^ causing the potential gradient to 

the reft. As the 

fca^e^t^v^ t?® IS increased, the potential 

wfnAX • ” P“*. ^^^"Pl®*! by the space charge 

to tvi r “!^®a®® ®o rapidly as that over the rest, owing 
to tte hinted supply of positive ions to form the spacf 
cliarge. Hrace it is that when more than, say, 6 volts 




-—^ T r i X i j. 


deflection 

for 360 voltHn S f^e value 

anode this fi^e is rtiTfl ''°^ oa the 

out Captain Eckersley's statement* * ^ 
conditions. statement regarding exciting 




of Resistance on the Threshold Effect. 
series ^tTttfdSSgV“rJ”s?en1n 



Fig. 6. Deflection/voltage characteristics of No. 4224 cathode-ray tube. 

the Thyp.tihnlii Trxr^^.t 


Frequency on the Threshold Effect 
from an alternator and the 

osciUator. All five are se+ t ^ ^“gber from a valve 
i«g that au *• tkott- 

far as can be estimated Cn curve as 

t» th. (a«t thS^“-„5^f“fi«« ««« b« siv^ 
records with the some scale SS'’*' “t'tata ah the 
quantities, so that they aU k 

common scale in ordef to *«. f® a 

possible at the timn^invesSv^ w“' ^ ®®t 

h«rh„ ir^aeocl.., ha, a., 


ta voltaj, to aT^hl*;* “i"? *» «» drop 

evaluating the equation*^ ' ^ ^ substantiated by 

S'“± (s'- (*v _ 

button in the space *’^® Pof®“tial distri- 

dependent on the voltage Molied ^®®®®^® P^^*®s is 

independent of the curreSflo^S if *^®,Piates and 

a given state of ionization 

Fhe Characteristics of the Tube 

«« Chtotochoh hetweea ft. varioa. tacte at tote 
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alternating voltages, while with steady deflections some 
mean value of focus will have to be found. 

The emission characteristics of the tube, Figs, 12 and 
18, are those of an ordinary diode. Fig. 14 appears to in¬ 



excitation when the electron stream is correctly focused 
is seen in Figs. 10 and 11. The decrease in the emission 
necessary when a deflecting voltage is applied is prob¬ 
ably due to the removal, by the charged deflecting plates. 



of some of the ions surrounding the stream, so that 
numbw of el^ons in the stream must be diTninii^ 
S Iff a state of balance, the practical imports 
ffwT. electron stream should be focv 

with, the deflectang: voltage aHplied when us^ v 


dicate that the conduction current between the deflecting 
plates IS proportional to the anode voltage for a given 
value of filament current, but Fig. 16 shows definitely that 
the conduction current is not independent of the anode 
current. The hnear relation in the former is probably 
an accidental feature due to the emission current being 
near saturation value. It is a difficult matter to draw 
^y defimte conclusions, as they can only be based on 
the knowl^ge of the number of electrons reaching the 
^ode, and not on that of the number passing through, 
these latter being those which are effective in producing 
the ionization, and so causing the conduction current. 

of Obtaining Most Accwate Results. 

In view of the foregoing information the following 
suggestions are put forward as a guide when accurate 
work IS being undertaken with this type of tube. 

A correct calibration is essential, and this for pre¬ 
ference should be done photographically, and should 
be cmed out over the greater part of the surface of - 
the fluorescent screen, and not only for two. lines ah 
^ht angles. This second precaution is made necessary 
by\ the presence of stray rnagnetiG fields, and, if a mag¬ 
net IS used for bringing the spot to its zero position, 
iMge errors wifl result if it is neglected. Itis not desir¬ 
able to have to calibrate each time the tube is used, so 
T^t It must be used under the same coiiditions, one of 
■teese^ing that of position.; The leinaihing conditions 
axe those of excitation. Bearing in niind the large 








MADE W ITH HOT-FILAMENT CATHODE-RAY TUBES. 
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»» ^tiAcuKis uUK-MORRIS AND WRIGHT: 

S *>y threshold effect, the two factors I 

r.3 repeated exactly are the anode voltage 

sensitivity, and the second the amount of 
voltage is first fixed, the 

™nf ^ conduction 

betiveen the plates coixect. As the emission 

SnShLe Id “ happening between 

me c^hode and anode, and therefore can be onlv an 

indication of what happens beyond the anode, itiTre- 
current should be measured. This involves the use of I 







o;9o .I 

rilament currenf., 

P^G. 13.~Anode current saturation curve of No. 
cathode-ray tnbt?. 


I——iBjgSi 


■n^ 


Fig Id- A j Anode voltage 


Mill.If] 


Anode current 

-CMxent/conductiou-current ok.^ 


of No. 4224 cathode- 


ray tube. 







made with hot-filament CATHOiDE-RAY TUBES. 


suggested* that the threshold 
effect overcome by deflecting the spot off the 

screen electn^tically and then bringing it back agS 
^ inagnet. The strong field from the 
magnet nec^sary to do this is seldom likely to be 

tl'e image wiU be distorted. 
Owing to the beam stnkmg the screen at an angle, a 
sharp focus will not be obtained, ^ 

A cathode-ray oscillograph buflt up from a tube 

t cLtruction than 

^ 4224 tube has been in more or less continuous 

London CoUege. Dunng this period the calibration has 
not ^tered appreciably, wliile some 90 photographic 
records have also been made. 

Conclusion. 

coSrt valuable information 

obtained by stiff further investigation in this 
fieli There is sM need for knowledge of the effect 

«! « physical e3q)lanation of the 

^eshold effect requires to be fully developed. The 

pressure and other controlling 
devdop„», « 

A dose study of the behaviour of hot-cathode tubes 
of many types extending over a considerable period leads 
tte auttors to the belief that the field of use of such 
apparatus wiU continue to expand more and more 

‘Iff® rapidity of response is 

tosential. The simphaty of action, the ease of visual 
observaton, and the absence of risk make the low- 
vdtage tube an instrument of general utility in the 
lal^ratory. Correct interpretation of the rwults in- 

nS’ “timate knowledge of the prindples 

nnderl3nng the action of such tubes ^ 

The autiiom ^ glad to acknowledge here the debt 
they owe to Prof. E. H. Lamb for his kindness in inani-Tig 

an extended period 
W^out this instrument it would have been difficult 

Photographic records. 
Th^ axe also due to the Council of the East London 
college for certain assistance from the Research Fund 


^ ^ ^ ®° ** “ possible to 

^e a l^h anode potential with a low filament current, 
thus reducing the magnitude of the threshold error and 
®3,me toe obtaining a brighter spot, which has 
^o been stiff further improved by providing a better 
fluorescent material. 

I Typical VoUagelDeflection Graphs. 

voltage/deflection graphs, 
whilst the rarresponding conduction-current curves are 
given m Eig. 17. It will be seen that they are of the 
same general character as those for the 4224 tube, but it 
deflection/voltage relationship 
for the 560-volt case is linear for negative voltages. At 
lowOT fitoent currents with lower anode voltages, the 
relationship IS also linear and even extends to positive 
votogM, ^though the slopes of the positive and negative 
parts of the curve may be slightly different. 

.. make quantitative comparison easy, the 

toesholdtoOT under various exciting conditions are 
gven for both tubes. In the case of the 4018A tube, 
the filament cuirent is higher than would be normally 
used with toe lower anode voltages, so that the error 
would usually be less than this. 

Table 3. 

Percentage error I 


Tube 4018ATVibe 


10-6 9-6 
10-8 8-3 
13-3 9-2 

11-3 10-1 


4018A Tube 


H- so V 

-30 V 

Theoretical 

sensitivity 

Derived 

sensitivity 

7-8 

7*1 

0-909 

1*40 


— 

— 

— 

13*4 

8*6 

0-649 

MO 

7*8 

5*3 

0-606 

0-776 

4*7 

2*6 

0-406 

0-613 


APPENDIX. 

Particdxaes Relating to Later Pattern op Tube. 
Introduction, 

Standard Tele¬ 
phone^ Co. have placed on the market a hew type of 
tube._known m the « 4018A » tube. The autoom felt 
that if some facts concerning this could be added toe 
swpe of the pap« would be materially widened and at 
to datA* subject would be brought more up 

_ The new tube^ is almost identical in^^ c^^ 

‘i®peiids on a shield round toe 
cathode stoeam for its focusing, and is designed for a 
toghw anode potential. With this method of foeusihg 
toe size of ^ spot becomes independent of toe filmS" 

Catbode-toy Osoillo. 


The error, which is the amount by which toe experi¬ 
mental results fall short of the theoretical values, is less 
in toe case of toe newer tube than in the case of toe 
older, due to the lesser ionization, because the emission 
current is reduced, and in addition it is understood that 

the quantity of gas in the tube is less, 

Thp Sensitivity of the Tube. 

On examining the curves of Fig. 16 some rather un¬ 
expected results are obtained, as shown in the last two 
col^ of Table 3. The figimes in the column headed 
Theoretical sensitivity *’ have been obtained from the 
generally accepted formula 

Deflection = cm 
2F„<i: ’ 

where Va = deflecting potential, 

Zj ssss length of deflecting plate, 

. ^2distance from plate to screen, 

Ffl 5= anode potential, 
d distance between plates. 






p, Meeting voltag* 












Filament 


Shield 
-I50^-300V: 


Anode 
to 3000V 




(C) 


Deflecting* plates 


parts of three cathode-ray tubes. 
(«)No.«34tubo. (»)No.4018Atu1». (e) Voa Artem» tube. 


^ decrease, due to the threshold error is not 
® some 40 per cent higher than 

lie’ by two other independent e3q>erunenters 

mg the same tube. This difference is confirmed by 
tte ^ufacturers who, when using another tube, ol^ 
^ed about 10 per cent difference. At' present the 

account for this difference, and 
the matter is stiU under investigation 

t,, wimportant parts of the several 
tobes under mvestigation is given in Fig. 18 with the 
appropriate working voltages. It should be noted that 


To suin up the following points should be noted in 
reference to the newer pattern of tube;-.<- 

(1) The possibility of obtaining a linear response of 

the s]^t to the deflecting voltage. 

(2) A large increase in the average life, 

(3) A brighter and better-defined spot. 

(4) A reduction in the cost of ithe tube. 

_ men due weight is given to these points, it will 
be clear tiiat the field of use of the low-voltage cathod^ 
ray oscillograph will be greatly extended. 


[The discussion on tins paper will be found on page 70 .] 













—-- THE METCr aND IM.TPm 

™ Zo“? 

I>r. C- v T\__ . 


paper. ^ to Dr. Wood’s 

tool of great imnnr+o ^ °®“Uogi'aph is undoubtedly a 

its .'2S «.“»» 


'■'*>’ ”«“»*>«pii but .is, 

isHs^Is 

?srss.-€'z.r?^“Svim s;l?4r“^ss^2r^„^ 


tates against the jSSSliS^m! " 8 ^’ to tte &* and Z 

more the advantagTor^W a ^’^ciaatiy ® °f obtSg”f 

used for external photography S S con^^SSi of a film running^ in 

S 3 ii~ 

out a design the main features ^ sketdied trace but also ^ “o* oaly a ti^e 

^most identical ivith thos^ rf tin? ^1? f®“ *° phenomena of *^0 or threJ 

outset that the great dif&cultvin +>• * the same tube hn+ screened systems in 

“«t toJSii » S!^i,’‘ “• t, mut, . f„ 

the inminons SponnS hi S^hTScliSdTd^^*^" 

dials have a fairly long life, but £he^,i«^ for lummnang may be curved tS^^i, ^®““ f*® imes of force 

audi Baturallv ^^®cay materiallv. +bo ' there will be great difficni+rr 


workmg it is very valuable +« In oscillograph 

of the cathode-ray oscillogiMl^'^^'^ ?°“® means 
a problem to which those^^o^^ do not see, but it is 
devote their best taints ®^i’ieot should 

attempted by havinu turn might, of course, be 
the same tube, but the soeened systems in 

probably involve di£6^tij^*'°“ ®P°f® ^ould 


the rate of decay. Only recent 8^®^^*' method of nlottt. ^ ®' ^ «ie foIlowSf 

—+'1 ® comparat^ely short ttot Taking a few figur®; frc^m^T^te ’^® P^ferable. 

it was switched oni, t^e central portion ofthink we ought^ nW fnr^!^^« ^ ^ ^n illustration, I 
sor^ was seen to be less InruiSSem fb® mean d^cttons Sw^ ± ^ ^®ifs 

probably owing to the fact that tbf. .,, f^^m°^der, give rather larue and ^® Positive voltages 

deflections, but in 

a tp^ which we can seal and keen seal results come dose toueti,^ 1 ^ i^Si^er voltages the 

we have periodicaUy to o^n^hfr^ 5^“®- “ which is being oi^S^ ^^ to find 4e Uw 
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deflections from the curves in Rg a 
plotted them according to this plan. an^obSnSVe 
foHowmg result. On plotting against F one gets for the 

«* <■» ar.ifl.lS, "hS 

«>at the whole of the 
b£ in deflecting the 

S^e°- '^**^‘* ^ appUcable i of 

S 

F - Fo ~ 

The deflection is also given by I 

This equation shows that for low voltages the coirecting 

ae deflec^on to be proportional to the voltagr^At 

factor ^<Jomes 

sm^ and the sensitivity approaches the eicpected 
^ue. As regards the variation of the sensitivity with 
ae Mode vol^e. I plot <5 against 1/v. where v = anode 

ZSfV = sensitivity. AltSh 

smple ^TOry would , lead us to eaqiect a straight uL 

plottog the sensitivities as described 
above gives a straight line whidi does not pass through 
the ongm. but which has an equation of the form :- 


voltages, the equation takes the form 
advantage of this expression is that 
zero-point anomaly not as a sudden 
^ntmmty bat as a bend near the origin, whi^ 
traightens out more and more as higher voltages are 


y' 


Fig. a, 

“ (6) 5 « jc(F - Vq) 


r(- - -) 

\v vj 


By putting tte two together I derive the following 
formula, which at least fits the author's observations 


8 = Z(F - vJ--i) 

\v vJ 


^MS givM reasonably accurate values for the deflection 
vnifage and any anode voltage. This 
calculation [Mr. Calthrop here 
exhibited a lantern slide], for which the equation is 

S == 332-6{F - l)fi-L-^ 

'U 1760y 

Taking a point at random for which li a 280 volts 
y.T 1^ volts, and S = 18 mm, I find that the calcu.^ 
lation ^ves 8 as 12.96 mm. Fig. A(6) Olustrates the 
Move treatment. I have recently been endeavouring 
TO find an equation for the sensitivity curve which would 
take above form for higher voltag^ and yet give 
no sudden discontinuity near the origin. The equation 

S = I 

^ been tested for one of the sensitivity curves, and 
been found to fit the observations very well. This may 

be ^panded, and only the first few terms of tiie resultant 
senes retained; Thus 






“ depicted in Fig. A(a). I 

nf ^“Qr***® explanation of this beha4ur. 

Dr. P. Simeon: I should like to ask Dr. Wood whether 
vdth ^ types of photographic recording 
h 4 >. i*° T® ^® Silver-iodide plate which 

^ 1 ,^ developed at the Admiralty laboratory, and 
^o whether this is a particnlarly difficult type to mro- 
d^. Are thMe plates as difficult to make and*^ as 
nectary for ^ kind of work as the Schumann plates 
are for ultra-violet photography ? 

®' AlUbone: I shall refer first of all to Dr 
Wood s paper. Speaking for those users of oscillographs 
who are enippd on the examination of transient phrao- 
mena on ffigh-tension transmission lines of all voltage 
ratmp and^their efifect on terminal appamtus, lightning 
Restore, etc., I should like to say that for ns tte dis- 
tingmshmg and offiy valuable characteristic associated 
with oscillographs is their maximum writing speed We 
Me not minted in voltage sensitivity in general. 
heca,nse the transients which we observe occur on biuh- 
tMSion lines and therefore a sufficient voltage is abrays 
av^ble; nor are we especially concerned with porta- 
bihty, Mce all the apparatus with which we deal, even 
a hundredweights, is easily transported 
m the field. Let ns therefore consider for a momMt the 
approxi^te jmting speed which we need for recording 
tonsiente. ^le figure can be arrived at by studying 
the :^rds obtained on American transmission lines, on 
which much work has already been done. To obtain a 
clear photograph of a transient of 1 or 2 in. ampHtnde 
on a Imear time-base of the order of a micro-^ecMd or 
less, we need a convenient writing speed of about 600 kni 
wishes to work on the physics of spark- 
Ihfn' in^ ^ pref^ble to have a shorter time-base 

vo&m^anH^v 1 , ^ ^*^® ^ ei^erience of both low- 
voUage and high-voltage oscillographs, 1 found that 
the low-voltagetype. such as thatdescribed by Dr Wood 
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^ transient phenomena which 
S mv^tigate. for the foUowing reasons. In 

'v f to use special forms of 

f pioto^aphic plates; even so, the energy 

anv*fcnS Toting speeds. Incidentall^ 

^ techmqne for dealing with photo- 

^ '^^^tage. because it com- 
phcates i^e operation of the oscillograph. Secondlv 
&e ele^ostatic focusing of low-vo^e electrons is 

influenced by the magnetic 
field round the filament, though this effect has^n 

credite^^°^^ ™ ^charge tubes is also generally dis- 
sn!fn*^' the emission current from a suitably 

^1 jea IS too smaU and it is impossible to use a targe 

^ increase the minimuL 

An advance in the direction 

2e ^fts IS only likely to come through the 

device develoi^d by 

£ iif S?' ^Sher temp^tur J 

fw his emitlmg source and therefore obtains a much 
^ter emissi^ cuirmit without increasing the area of 
^ ^urce The third disadvantage of thf low-wWe 

S^?bSu“ ^th magnetic focustag 

Of the beam, with a consequent loss of intensitv I 

c^ot support ito. Wood's remark with regard to the 

ma+hf ®'to focus a beam of demons. The 

S^W2rw^,S^®“Tf worked£t 

Ss Sltha that such a solenoid 

^ all the physical prc^erties of a lens. Prof. Roaowski 

^ observed toe action of a solmoid (which mLt £ 
l1^ diameter) before Busch pub- 

^unshed toat for a given distance between source 
Md screen the solenoid allows a targe angle to be 
^to a consequent increase in the numbS- of electro^’ 

ba-viotet light component emitted by the smeen eie 

P««ble -tTL bigtiSto'SZSr 

«Sy bf ^ '’® “ cm Si 

enerSes eSbte^Se to ^^®®- ®^®®tron 
delKv toa V !® ^ asymmetrical drcuits for 

PoteSliSf important feature from my 

o I .■ o observe the magnitude of a sure^e on 

in toe ^^*^ il°®' deflecting plates 

potenti.1 ti SSt? ““ 

Se’^te“2 eleotrostatio 

WO pia^ is a measure of toe suTae voltave. in 

a^^cal circuits one is liable to^L^S'diffi 

oS 3 toe^StaaTto ^®d?’®®“ 

Otod is no? TJt»? ®t^® ^Pptential of the case and toe 
of +iiA ai /v* 1 difficulties becortie less as the sneed 

rf the elect™, to inci....a, Omng 761iV«4e^ 

■ y : *^^J«rBMbWc^ 


g^tobe Of toe oscillograph. Prof. Binder (of Dresden 
£^ 1 ,^ to apply 100 kV to toe defle^g plate 
toe os^ograph. Dr. Wood remarks that TCyini i ha. 
*spens^ wito magnetic focusing. This is true in sc 
» as It appUes to the discharge tube, where boto Knol 
tet ^^® ?®^®i°P^ «o°d electrostatic focusing. 

fi,?a**^^ ase a solenoid to focus toe electrons between 

tafnwu d?® Pi*o*®Sraphic plate. Rogowski main- 

ta^ ^t better results can be obtain^ wito teo 
Mlenoi^. Fig. B is an oscillogram of an impulse last- 

blm ifT ^ ®®®® electron 

t^ m3L^**^®^ °v photographic ^ just at 
to^AT^®“* '?®“ transient arrives. A ve^ short 
to calibrating records are added 

defl<^ P«^e: (a) toe permanent voltage on toe 

seconds ^ ^*®®' ®' *™® ®®®^® measured in micro- 

biitt-c-^' il^®®®i®^® recorded by mechanical switching, 
to i 1 *^ ‘^°“® ®^®®*^®®“y- The impulse is appU^ 

£3 K'?f“® ®®* f®*- 700 kV; toe voLge 

nses to a maximum, is maintained almost constant 



- 1 - 1 - 

3 6 

Microseconds 


Fig. B. 

It} caHbration curve. 

(b\ Voltage calibration. 
Ttan^ent 


li 


i^bon oaurs m toe gap. and breakdown ensue 
after about 9 micro-seconds. A resistance is pta3d u 
wito toe impulse generator so as to vary^toe mt 
of nse of voltage. The voltage rises in O-SrS^ond 
^ moderately slow impulse, and decav 
StaSterS* “ 20 micxo-seconds. [Dr. AlUbont h^ 
^bit^ an ex^ple of high-speed writing recording 

necessary to get rid 
of toe threshold effect, could not this^ done bv 

sej^tmg toe deflation plates from toe discharge-tube 

Sf °®‘^®8m,ph hy means of a diaphragm 

With a small hole in it and maintaining a diffe^enrp^/^•f 

pressure beteeen toe two chambers of toe oscillograph 
by means of a sealed-on pump ? wuograpn 

T Wood’s paper 

I think the author’s classification of osciUograpl? tato 
two groups, high-voltage and low-voltegS®l^^S2 
^tat^. and ^t in his presentation of Vc3fh3 
does not pay sufficient attention to toe medium-voltage 
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sealed-off type, for which there is undoubtedly a great 
future and a wide range of uses. It could be made as 
convenient in operation as the ordinary wireless valve. 
In fact, with properly-designed auxiliary apparatus, it 
has now practicaUy reached that state. The medium- 
to-low-voltage oscillograph is numerically the most 
important, even ii we impose the distinction that an 
instrument which is limited to visual observations should 
really be called an " oscilloscope.*' The same tube may 
well be used for both low and medium voltages, the 
main point of difference being the material of the 
fluorescent screen. Incidentally, I think the author 
wrongly describes as ** phosphorescence ** what should 
rather be termed " fluorescence.** In the present state 
of fluorescent materials a sealed-off low-voltage tube 
would be primarily used for visual observations or the 
photography of quasi-stationary images, and zinc silicate 
seems to be the best material for the screen. The great 
increase obtained in the intensity of fluorescence on 
increasing the voltage from 300 or 400 volts to 3 000 
or 4 000 volts gives the medium-voltage tube a wide 
field of use in many forms of external photography 
and as an oscilloscope. With regard to the advantages 
of external photography with a medium-voltage tube, 
on one occasion we obtained 1100 records in a recording 
period of only 4J- minutes, whereas using visual methods 
on precisely the same t37pe of work our previous speed 
was about 160 to 160 records per hour. It would un¬ 
doubtedly be an improvement if medium-voltage tubes 
could be made with higher vacua, thus minimizing many 
of the ionization problems which arise. Other desirable 
improvements in the tube are more sensitive fluorescent 
materials and greater sharpness of the spot. External 
photography has of recent years greatly benefited from 
the development of lenses and of film-emulsions for 
cinema purposes, but improvements are still possible, 
especially in the lens system. One other possibility, to 
which reference is made in the paper, is that of a quartz 
end—or even a quartz window over a limited portion 
of the end—^to permit of better penetration of the 
fluorescence. For instance, calcium tungstate has a 
fluoresc^ce which extends well into the ultra-violet, 
and obviously a great deal of this may be lost in a glass 
tube and glass lens-s 3 ^tem. The fact that a voltage^bf 
3 000 to 4 000 volts is required to operate these tubes 
is not a serious difficulty, because the anode currents 
are so small that flhey can be derived from an eliminator 
of simple type. The currents are generally much less 
^an I mA, and a half-wave rectifier with simple smooths- 
ing S 3 rstem is quite sufficient. Considerable advances 
have recently been made in the construction of oscillo¬ 
graphs, some of 'tihese being embodied in the new Iqw- 
voltage instrument produced by Standard Telephones 
and Cables, Ltd., the medium-voltage oscillograph due 
to von Ardenne, and the model on generally 
lines developed by the Edison Swan Electric Co., Ltd. 

A new British oscillograph intended for either low- 
voltage or medium-voltage operation has also recently 
been produ^d by Messrs. A. C. Cok^ Ltd. I have 
used an osdllpgraph of this iype quite satisfactorily at 
aU voltages from 300 or 400 volts up to over 3 kV. I 
think the list of ref^ehc^ in Dr. Wood's paper should 
include a pap^ des(^bihg a new tinie-base circuit, using 


a mercury-vapour valve, due to A. L. Samuel.* Another 
recent bibliographical addition is a paper f by J. B. 
Johnson on the general theory and uses of cathode-ray 
oscillographs. In connection with single-traverse time- 
bases, I have had occasion recently to use a simple 
method employing a condenser with a saturated diode, 
after the manner of the recurrent base shown in Fig. 7 
of Dr. Wood's paper. The arrangement is shown in 
Fig. C. The condenser C is charged by the battery B, 
deflecting the spot to the left side of the oscillograph 
SCTeen. Release of the key K allows the condenser to 
discharge through the diode D in a manner that can be 
caused to follow a law practically linear with time. 
During this period the spot travels in a corresponding 
manner a^oss the screen, giving a timing voltage for 
any transient phenomena applied to the other pair of 
plates. The battery B^ serves to maintain saturation of 



Fig C.—Circuit for single-sweep linear time-base 

the diode, with consequent improvement of linearity. 
The speed of the time stroke is governed jointly by the 
capacitance of C and the adjustment of the diode fila¬ 
ment, and is capable of a wide and easy range of control. 

With regard to the paper by Prof. MacGregor-Morris 
and Mr. Wright, I am particularly interested in the 
threshold effect mentioned by the authors. I f-bi Tik a 
rather better name for it might be origin-distortion," 
We have a neat method of testing for it by means of 
apparatus developed for another purpose. This is a 
potentiometer giving voltages proportional respectively 
to cos d and sin 0 on the two pairs of plates, as 6 is 
varied in lO-degree steps. When the potentiometer is 
supplied with alternating current this gives a pattern 
in the form of a line tilted to the vertical axis at the 
^gle 0. Rotation of the potentiometer revolves the 
line and reveals this type of distortion wherever it occurs. 
I have noticed that, among a batch of otherwise similar 

* of Scientiflo Instruments, 1031, vol. 2. p. 082. 

t Bell System Technj^at Journal, 1982, vol. 11, p. 1. 
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those qu^sSt?^‘ distortion in 
deflection. n,e iotoSoid ^ ^«rtical 

has been made is no doubt lar^]*° reference 
practice, but I doubt ^ substantiated in 

of tbe story. To ^ve I c^ncif^ ’^hole 

one of the StandaS example, wh«i using 

tubes referred to by the Lth^T# “ ^18A » 

certain filament cu^eS a^d^^ ^ ^ **^t with a 

^ excellent visual focus thp^ ® voltege which gave 
showed no trace of oiiSdi2t«. “®«»od 

r^et by increasing the tocus was 

the shield voltage a cairent and readjusting 

coupled with delu'te orwSstoi®^®* obtained 

effect of magnetic fields, ^en calibra« ™S“^da the 
must ensure first of all that tv. the tube one 

field. Secondly, if “ in a uniform 

^e. demands that the spSt Sould 
certam position, it is esseiSiai tw 1 ^ restored to a 
returned by means of predselv tl always be 

used for this puipose 5 S L?® ss was 

^ excellent metSd of shiSdW^K calibrations, 
stray magnetic fields, includinf ^^t ^’om 

by me^ of a mumeklTS® f is 

an ordinary piece of drainpipe I cheaply, with 

mentioned by the authora ttat'thJ 
necessitates the use of Tth.Vd -'^denne tube 

serious drawback if the “ “ot a 

cylinder, since the thiS vS^e ^ negative 

suy increase of current-load bv obtained without 
mtroducing a bias Sv^ frL 
^^een the cathode and the ht neaa«r“*5 
I have used this airaneemen* return lead, 

von Ardenne oscillograph?^? ^th 

oscdlograph. and havPfoLdPftr^ ® “®^ 
in operation. ^ ^ very satisfactory 

be useful to forJtuS^S^^ fi* 
by means of which the m^*® ®*“fiards 

^es of tubes could be j?Z?® *fit»cs of various 
^ of service to both the usw would 

Setting aside consideratiOm oP*^ manufacturer. 

apparatus, the criteria bv m ®°®* auxiliary 
selects a tube arP^ge^, which toe uS 

s^tivity or maximum S Photographic 

these figures of merit beingP^ Pf both 

potential and with stat^f^IPP accelerating 

flowing. The voltSa^^^K^*^conductioncurxente 
18 Stated in millimetres ^ readily determined, 

plates. The photographtoleStiS P ***® 

a more difficult moblem ^**^*3^ seems to present 
WOTkters maintain ?hat their tob* Pmpufacturers and 
eertain stated frequencies will record up to 

m^g until the no 

fnd mtensity of the tra^ h^A mwi the width 
IS required is a specified rP specified. What 

cori^ponding to a^cStoto speed 

photo^aphic surface a?Ss .blad^g of the 
speed formulated on the basis^ ’ ^ct, a recording 
mlative^to which 4 ®iS,®*“‘isrd oscillogram 

figure of M. l£oU?Ss ^ ^^e a 


AxvuxviJiXV X 

plate. This intensity of SSv • 
metncaUy and should be gte^^® ®”^®^ P^oto- 

log.(V/j.) = o.l 

though ®toe un^PtedPn?*P-®5®® °^ llght transmitted 
of the photograplT Portions 

^ming always that this SotoaP^b— 
dition is fulfilled the mtensity con- 

»» bavtas a 

If a recording speed of r • * .5®®® '*^‘**h of 60 : l 
8mm. say by®^impressirfg attained on any osdllo- 

on a line of known length and travelling wave 

tee record of the wavffront ST^^® ^P®®*^ ^°m 
taear recording speed (r i w ° ?® **^® maximum 
ditious is given by ' ‘ referred to standard con- 

^o.max. == >V»«r. X~ x~ 
oO d 

p^L*^ r 4*^ ^ 

Morris could suggest metW«^ ®^ McGregor- 
peiformance of cathode-rav nJ^ means of which the 
be judged. ^ ^ciUographs could readily 

to?' vffift to*^® 

teat some of the errors of ®^^ms“t 

^ges ou the walls of the “® ^ 

*at m eiq>erimeuts where vmv hlb? v"* ^sct 
tubes are employed it is often^J^ quartz' 

“aw abial* xLd tS, 

prevent effects due to eSt? m order to 

become attached to the inn^S otherwise 

screen is nut on+cs*/!^ .. .. If in these cases the 


l’* 3 «»)»,i 9 Sl,voLiS,p.B 4 . 


uxren worse than witouo sere® atali n^T ' ^® ®®®®*“ 
cle^ly shown that the so-cauS^tSl,!,?/ ®“***®*^ 
reaUy a threshold effect in the tn effect" is not 

Any phenom®on which ^ 4n *^® 

volts per cm over the centre Po^tial gradient in 

the plates less than fVolts amr ^®tween 

^tween plates) « likX ? P^af®s)/(Distance 

have to insider is no/mer^ tL*^®*®®®®*' we 

volte p® cm. but the volts iS ^ .PO^ntial gradient in 
catoode ray per volt appli^ to?h? vicinity of the 

actmg on toe electron is dffltS«t force 

^ient. Any effect suS f^epotential 

of contact potential due ®, ^“"A® difference 

surf®es of the plates, which conditions at the 

gradient in the vidnitv of th^ *^® potential 
«“» (Appliad >«» *0 b. to 

^ *ba ttb« pototW plate). wlU 

be small for very small valSq +1. ^PP^ied volt to 

after passing zero appUed volta^*+®^?^®^ voltage but 
at first and then to bSme *”®'^®®®® ^^PMly 

Wer values. The authora^ ffi® 

m pressing their explanSu T f °“®wbat diffident 
effect persists ev®^t fi“d teat the 

10 000 tycles per sec ; but 
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tube, which I have had occasion to use. In connection 
with the ionic focusing, at a high velocity of traverse of 
the spot one can observe a blur which is produced by 
the continuous movement of a very much finer spot. 
It is suspected that this phenomenon is actually taking 
place all the time. In recording 10 000 cycles per sec. 
with a wavelength and an amplitude on the record of 
about 1 cm, one can definitely observe that the spot 
has an epicyclic (or hypocyclic) movement; it moves in 
a circle as though in the ionic focusing process the beam 
of electrons were rotated about an axis. It is highly 
desirable to eliminate this rotation for the purpose of 
recording^ at high speeds. If the rotation can be elimi¬ 
nated, this tube is capable of giving a very fine trace. 
Using these tubes we have observed the phenomenon 
of failure of the screen material. When a voltage up 
to the maximum recommended by the makers (4 000 
volts) is used, a few seconds* exposure to the stationary 
spot will <^use a brown or even a black spot to appear 
on the white screen, which loses its fluorescence at that 
particular point. In practice this trouble is evaded by 
making sure, in the case of single-trace recording, that 
the spot never remains stationary on the screen, or else 
by focusing the spot near the edge of the screen and 
setting the time-scale deflection so that it traverses a 
piece of clean screen afterwards. It would be an ad¬ 
vance to produce a fluorescent material which is not sub¬ 
ject to this disadvantage. In connection with external 
photography, I have successfully employed a photo¬ 
graphic lens having an aperture of//2-9. This is much 
larger than the size of phbtograpliic lens usually avail¬ 
able, and due to its being very accurately corrected it 
costs a good deal in comparison with the total outlay 
on the oscillograph equipment. A cheaper form of lens, 
less highly corrected, with either one or two pieces of 
glass (perhaps plano-convex), might be good enough for 
the purpose, however. Such a lens could be made with 
a bigger apertoe, even as large as //l-O. Dr. AlUbone 
suggested dividing the tube into two compartments by 
means of a diaphragm of small aperture, the compart¬ 
ment in which the deflecting plates are placed being 
exhausted to a higher vacuum so as to eliminate the 
threshold effect. It seems to me, however, that in the 
tubes where this effect occurs it is impossible to apply 
such a device, because the essential point of the method 
of ionic focusing adopted in such tubes is that the 
cross-section of the ray is kept down to a low value 
throughout the whole length of its path. If that con¬ 
straint is relaxed over two-thirds of its path, or at any 
rate over its palh between the deflecting pilates and the 
screen, obviously it will be impossible to prevent the 
scattering which it is desired to avoid. If a single trace 
of the sppt is used, when the spot is deflected off the 
screen it is found to be necessary to ensure that its 
deflectioii is many times the diameter of the latter. If 
the ray is. deflected so that it glances on to the side 
walls of the tul^, reflection of the electrons takes place 
to a very considerable extent and causes illumination 
of the screen and fogging of the ejqposed plate. If the < 
ray can be bent round so that it strikes the parallel I 
not the conical portion of the tiibe, at an angle approach- i 
ing 90^ this effect causes no trouble. j 

Prof, J. T. MacGregor-MorHa : I shotfld b^ glad 


i if Dr. Wood would put forward his views on the focusing 
t system of the new Standard Telephones and Cables type 
^ of tube. The difference between the new tube and the 
von Ardenne type is that whereas in the one the focusing 
: cylinder is positively charged, in the other it is negatively 
charged. In 1928, at Purdue University, I had the 
privilege of examining Mr. R. H. George*s electrostatic 
focusing tube, the negatively-charged cylinder of which 
was moved up and down by means of a rack and pinion, 
so that one could focus tlie cathode beam as easily 
as a microscope. In connection with phosphorescent 
materials, I should like more information regarding the 
statement that Rogowski and Ruhlemann obtained 
at 66 kV a value of 35 lumens per watt for the luminous 
oulput of the screen of a high-voltage tube.” This is 
nearly equal to the eflidency of an arc lamp. Can we 
regard the cathode-ray tube as ultimately becoming an 
efficient source of Hght ? In connection with tlie capaci¬ 
tance of tlie leads and deflecting plates of the oscillograph 
recent me^urements. of the dielectric losses in liquids 
appear to indicate that the losses in the leads and plates 
amount to about one-fifth of the total loss, and, there¬ 
fore, if cathode-ray oscillographs are to be used at very 
high frequencies this factor will have to be carefully 
considered. In conclusion, the author refers (page 64) 
to a simple switch the contact arms of which fall into 
mercury cups. Many years ago I used this arrangement 
for rather lower speeds, and I found that when the 
contact arm first made contact the mercury rebounded, 
and broke and remade the circuit two or three times.* 

A mechanical extension was applied so that this w^ 
permanently in the mercury, with the result that when 
the actual electric contact entered the mercury it closed 
the circuit satisfactorily. 

Dr, A, B. Wood: In the Summary to their paper 
Prof. MacGregor-Moixis and Mr. Wright state that the 
chief part of the paper deals with what is known as the 
threshold effect,” and then they give a theory of this 
effect whic^ is based on the fact that the tube contains 
I X t h i nk a better title for the paper wo’uld have 
been ” Accuracy of Measurements made with Gas-Filled 
Cathode-Ray Tubes.** Their remarks about the threshold 
effect do not apply to high-vacuum tubes. The general 
explanation of the focusing action in gas-filled tubes is 
that a column of positive ions is formed along the axis 
of the beam and that a diffused cylinder of negative 
electrons surrounds it, thereby producing a radial field 
which focuses the beam. If this is the correct explana¬ 
tion, would it not be much simpler to use a high-vacuum 
tube, which has no complicated gas corrections, and a 
simple focusing device consisting of a thin positively- 
charged wire running down the axis of the tube, sur¬ 
rounded for some distance by a negatively-charged 
cylinder? The latter should then have the same effect 
in a hard tube as the gaseous ionization has in a 
soft one. 

Mr* U* H. Bedford {communicated): The opinion that 
the inteir-plate current** in the gas-filled cathode-ray 
oscillograph is due solely to ionization seems to be quite 
generally held, but the following, facts are sufficient to 
shpw t^t ttiis^^ew must be erroneous, (a) The ** inter¬ 
plate cutreiat '* persists practically unaltered in a high 
♦ See 1007, vol. 59, p. 202 . 
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electrons is 

it may be deduced that th(» f* which 

curonte, (e) He enneMs 

for quite high negative niate electromc » even 

paper by Prof. MEoreTOr if® ^ 

believe that the We 

by following up a point which has^M^*^ ^ ^ 
taonm thehteratureof thesubjS? 

How do the electrons which o!S' 

back to it? In the early daE^£^°"^* **‘® 8^®* 

over by saying that, in the 

proportion of the electrons 

pn, and those which hit the screen fbrough the 

leakage over the fflass « «xi home partly by 
This argument is quite fallarm ^ conduction. 

appUed^to modEn ESs^T’ “°"® ®®P®^y ^ben 

plinder tooa^n^fo^ S^e tL?> f 
for «ie entire anode current to “ quite possible 
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the electrons get home by means of ^ 

from tte fluorescent scr4 TfSsT^ ®“^®“ 
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the screen is piling up neeativ*. supposition 
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plate current" would bfiX^ ““ter- 
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re^ space currS amonSftte fo 
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r^erred to in the discussion 'tv 
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as completely as possibte E^iX plates 
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ixonic current, S shEE ®1®®- 

sip. The fact that " orieuf d?.f^ ^ negative 

with this tube in roite o/ttA still persists 
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was also reached indeueivwfX ® ®ojwdusion which 

electrons produce no EeasiSb^A *be 

of ^ sort. An attempt hEw 
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its complete form tXw,i ®"8m distortion, but in 
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tabes. We have experienced more than one variety of 
thK efifTCt. and have found that it appears to be assocfeted 

neighbourhood of the 
d^ector plates, and particularly on the portion where 

A piece of tinfoil wrapped round this portion will 
generaUy stop these oscillations. In the ^e of the 

^ necessary to eartend the anode 
stoeld beyond tois portion in order to suppress* oscilla- 

^toough this appears to effect a complete cure of toe 

afc. R. Davis {commnicaUd ): I should like to supple¬ 
ment to some ^ent Dr. Wood's remarks on toe 
devetopment m toe design, and the technique of the use 
catood^ray osd^graph for high accelerating 

Diriof^’ “ ***“ direction was token by 

^ ^ followed by Norinder in Sweden, and 
and°r^ ^ RogowsW and his co-workers in Aachen, 
and Gabor in Berhn. Their instruments were 
genemUy m d^gn. The discharge tube was of glass 
md toe rest of metal. Accelerating voltages of 60 to 
70 kV were used, with a cold cathode, and the cathode 
c^nt was of the order of I mA. In order to have as 
high a v^uum as possible in the deflection chamber 
and sufficient gas in toe discharge tube to provide the 
r^uisrte cathode current, toe oscillographs were operated 
vacua; continuous pumping was 
resorted to m the deflection chamber, while toe gas 
pr^re m the discharge tube was controlled by* a 
smtable 1^. It was found that the gas discharge tube 
not always suitable for continuous operation. The 
gl^s walls near toe cathode developed surface dis- 
ch^ges lading to irregularity in toe cathode stream, 
hurtoer, the electron discharge caused heating in the 
discharge tube with a release of gas molecules, and a 
cras«^uent fluctuation in the discharge-tube vacuum. 
This Ito to toe use of toe metal discharge tube, or its 
^uivalent, by Berger, who required the oscillograph 
for wntmuous operation in lightning studies on trans- 
^lon Imes. Knoll, in Berlin, also used the metal 
ducharge tube and furthermore made a success of 
^er^ photography through a Lenard window, as 
dramted by the author. Knoll was able to diroense 
TOth toe fore concentrating coil used by Rogowski, and 
to achieve similar results largely through being able to 
use a inuch Imger cathode current. Further improve¬ 
ments in this construction consisted of TuarTiflniAai • 
refinements whereby toe deflectional sensitivity could i 
be varied under vacuum, and in addition toe shape of ' 
■'tas designed to give maximum * 
sensitivily. Later, Binder and his co-workers produced • 
a cathode-ray oscillograph which consisted of a large 1 
metal tobe SO cm in diameter and about 2 metres long, f 
tae discharge tube was at one end of the tube, separated < 

tom toe rest of the oscillograph by a suitable diaphragm, s 

^e high voltage applied to toe cathode was brought in ^ 
through a porcelain bushing. The advantage of this I 
type of tube over the previous meial disdiarge tubes t 
uas (a) the large volume, which prevented sudden ^ 
fluctuations in the pressure, (6) the remoteness of the » 
waUs of toe tube, and toeir dfeturbihg effects, tom the I 


^th(^e. and (c) the fact that the field through which 
P^d was approximately uniform. To 
ocal^ toe ^charge on toe surface of the catoode, a 
^Imdncal electrode, toe potential of which was left 
floating, was placed concentricaUy with it. An addi- 
dS. of this osciUograph was toe 

^ ordmate plates for a voltage of 
f» ^ V deflecting plates of oscillographs 

dMigned for voltages of from 6 to 10 kV. 
With deflection plates for this high voltage much work 
^ ^ .earned out without the aid of voltage-dividers 
and their attendant sources of error, and toe properties 



Fig. E. 

of dividers for use in registering very rapid transient 
phenomena can be investigated practically. On the 
question of recording technique, toe author outlines 
some of the methods which have been used for syn- 
ro^mg abscissa! and ordinate deflection so as to 
e^ble a satisfactory record to be obtained on the 
photographic plate. The function of the timing circuits 
m recording single transients is to move toe beam tom 
s^e position O (Fig. E) so that at toe onset of the 
trai^ent it takes up a position such as "x, ’* on the 
photographic plate ABCD. During the time occupied 
by the transient toe beam moves from " x, " to " x ” 
at a constant abscissa! speed, this speed being control!^ 
toe time-constants of toe timing or absdssal plates 
Their subsequent motion in the absdssal direction takes 
toe beam to toe position “ Xg." Arrangements must 



Fig. F. 


be made to remove toe beam to the tTiii-i;^; position O 
without blackening the exposed film, before a further 
record can be made. Many arrangements have been 
used to suit different experimental conditions, as the 
autoor points out. The first rapid jump Ox, may be 
ob^ned by toe sudden charge or discharge of a special 
pair of timing plates through a circuit of very small 
toe-constant. This operation may be initiated simul¬ 
taneously vrith the normal time deflection through a 
^ark-gap common to the two circuits. An arrange¬ 
ment due to Ktag* avoids the necessity for a spedal 
p^ of timing plates to produce toe initial motion of 
toe bearq and bring it on to toe photographic plate. 
Th^arrangement is shovm in Fig. F, in which C. repre¬ 
sents a variable condenser, Cj the time deflection plates 

• BUHmMitisclu ZeUxh^, 19M, voL »1, p. 605. 
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resistances, and S a 
Kan min "tif ■*' ®“PP^y “ connected across the spark- 

^y’^sing a charging voltage 
^ fi^»T ^ a J^clmging voltage to deflect the beam, 

with *0 coincide 

TOth the initial. There then arises the problem of 

"*“> ““ orftaateSto 
investigation. When the 
whS Its voltage is the same as that 

bv fc^^^ can be released 

He J spark-gap. Ptirther control can be exer- 

to conductor connected 

differ^ fro^«il°^ .®®“®’^y t*® ordinate voltage 

from the value used to operate the timing plates, 
to such a case it suflflees to aUow the spark-gap wliich 
wl^ ae tim® sweep to be placed ni a £p 

do^ the former is disturbed and breaks down 
^o. This modification is readily adapted for regis- 

transients such as those occurring 

of **'® controlled transiente 

problem iT*'® ^°**®«® <ii'«<ier presents a special 

^ +I 1 in^-voltage cathode-ray oscillography owing 
to the very high speeds frequently invoked ^th f 

^ “ this connection. The 

obiect^^t-r*“°* alwa^ be placed close to the test 
le2l nr n , 5®“®““ssion Ime, and consequently a long 
Sn nL^“.f. ^® to join tte higLoltagf 

f **‘® l®^-^oltage end across whidi 
®^® ®°“^®cted. If such a divider 
no the voltage correctly and without distortion, 

iong^<^n^ ?® ^’“S® travels 

end *^t the low-voltage 

To ensure this, the equivalent surge 
thpj- "j oiust form part of the low-voltage arm of 

y ^bor. For use on transmission lines carrying the 
frequencies the divSer^S 
quanti^ te fo'"'frequencies. A considerable 

of Irteratura has accumulated in Europe and 

^St ph?® the recording of high-speed 

trai^ent phenomena. Dr. Wood’s paper is W(»me 

country ihe importance of such 

developments IS not being overlooked. 

Dr. J. L. Miller (conmunicaled): We have recentlv 
developed a cold-cathode type of ^oscfllogSi Sr tte 

hZ’^rr* transients. and?orr;lZ 

l?SZ ’!^®*P1^®“^ ”^y ’^ °^f^terest. Except in 
of colSraSSf “f*’‘® “rentibn 

most^o'f ^®®Pf*® the fact that 

ElertJ; tr^ent measurements by the General 
l£ra M?' Westinghouse Co. to the UmS 

hav^iZ’^fS^”^ ®®^®“ “ Switzerland, 

nave been made with high-voltage cold-cathode type 




instruments. Obviously, therefore, these instruments 
form quite a large and important section of the subject 
of cathode-ray oscillography. We found it a trouble¬ 
some matter to build a discharge tube that would operate 
quietly at 60 000 volts for long praiods, would have the 
inh^ent property of giving a finely-focused cathode 
ray, and would not cause pitting of the cathode surface 
after tro short a time. Quite a lot of experimenting 
had to be earned out before the laws governing the 
design wctc understood. It is obvious that the diameter 
of the beam can be controlled by the size and shape 
of the cathode and of the discharge tube round and 
behind the cathode, and we made considerable efforts 
to use these data so as to provide good electrostatic 
pre-anode focusing. In addition, of course, main electro¬ 
magnetic focusing takes place some distance below the 
anode. The necessity of good pre-anode focusing is 
sometimes questioned, but obviously it is <»ggani-iai in 
some form or other, and all cold-cathode instruments 
have it by accident if not by design. The only real 
question is: How good should this focusing be? Our 
experience is that from the point of view of finanf^s 
of trace on the photographic plate it is better to use 
good pre-anode focusing and a small anode hole, rather 
than poor focusing and a larger anode hole. Thus, 
although it would appear from the few details given 
from time to time in the foreign technical Press toat 
some d^gners do not particularly concern themselves 
with ibis question, it is worthy of note that many of 
them do. For instance, Rogowski is the great advocate 
of pre-anode electromagnetic focusing, and he uses a 
concentrating coil above the anode; Knoll »lpg4gT.Q hfe 
later discharge tubes so that the cathode and anode are 
very near together, and, in addition, the cathode is 
surrounded by an anode tube; and Binder obtains very 
good electrostatic focusing by surrounding the cathode 
with a metal cylinder which is free to take up any 
potential. , Berger tells me that his cathode is sur¬ 
rounded by two or three concentric glass cylinders of 
gr^ually increasing length. It is also possible to obtain 
quite good focusing by means of a cylindrical 
shield whose periphery is just below that of the cathode; 
to addition, a suitably shaped hollow cathode can be 
used, itoother question which frequently arises is 
whether it is better to have a glass or a metal discharge 
tube. When a glass tube has been in operation for 
^me time, a layer of metal may be deposited on the 
iimer surface of the glass due to the pulverization of 
the cathode. Even when this deposit became excessive 
due to an accident, it could not be ascertained that it 
had any detrimental effect, and this view is 
by Dicks.* We can therefore, state that the dis¬ 
charge tabe h^ a useful life of many hundreds of hours, 
all that is required being a periodic renewal of the cathode! 
The metal tube is better for mechanical reasons because 
it lends iteelf more easily to accurate centering, and 
because it is more readily adaptable to the use of devices 
giving still better electrostatic focusing. Regarding 
photographic films or plates, high-voltage ra 3 ra will 
record photographically on almost any emulsion when 
inside or direct photography is used, but it is quite a 


193 lfTOt' 36 ®p.'M 8 “ “ Tubes?” Archil) far 
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different matter when it is desired to employ external 
direct contact photography by utilizing the luminosity 
effect of catiiode rays falling on a phosphorescent 
material like calcium tungstate. In all our earlier work 
inside photography was employed, but for the sake of 
convenience and ease of operation we decided to explore 
the possibilities of outside photography. Using an 
ordinary commercial plate, an excellent record of an 
oscillation having a frequency of 200 000 and •super¬ 
imposed oscillations of 10^ cycles per sec. on one part 
of it, could be obtained with one single sweep of the 
time base, the cathode potential being 60 000 volts. 
Using external photography and a similar photographic 
plate in direct contact with the glass sheet 0 • 26 mm 
thick, coated with calcium tungstate and supported by 
a suitable grid, the main oscillation was easily discernible 
on developing, but the superimposed oscillation was very 
difficult to follow. Rogowski's external records show 
a similar fault at very high frequencies. In order to 
get good records of higher frequencies with outside light 
blackening photography, it seems that one must employ 
the minimum thickness of glass to prevent blurring, 
and have rather more current in the post-anode beam 
than is necessary for int^nal photography. Eventually, 
when the cathode potential becomes high enough, the 
glass will transmit a reasonable percentage of the 
electrons string it, and I am interested to see that 
the author estimates that at 160 kV, using glass 0*17 mm 
thick, th^e would be a 60 per cent transmission. A 
further difficulty with external glass contact-photography 
lies in the fogging produced on the photographic plate 
when records are taken at short time-intervals, because 
the fluorescent material is liable to emit light for some 
considerable tiine after the ray has been removed from 
it. Although OUT* development work in this direction is 
not yet complete, at this stage we agree with the author 
^at the direct effect is many times greater tha n the 
indirect effect. Probably, if the inconvenience of 
breaking the vacuum in order to change plates is to be 
avoided, it may be necessary to use a real Lenard window 
employing thin aluminium sheet for recording very high 
frequencies. In his remarks on the timing of single 
impulses, the auHior draws attention to the ingenuity 
and skill reqwed to synchronize the unknown transient 
and the timiiig or sweeping movement. Actually, the 
problem is a little more difficult than that indicated by 
his statement, because with ffie notable exception of 
the Norinder instrument all oscillographs require the 
synchronization not of two, but of three circuits, the 


additmnal one being the ray-withdrawing circuit This 
opemtes in such a way that the beam is prevented from 
passing through a small hole in a diaphragm in the 
upper p^ of the oscillograph by means of a potential 
apphed to one pair of deflecting plates. Closure of a 
s^tch automatically destroys this potential, allowing 
the beam to pass through the hole in the diaphragm; 
after a very short time-interval, variation of the potential 
on the second pair of deflecting plates causes sweeping 
to commence, and then, after a predetermined delay, 
the uitoown transient arrives at the third pair of 

^ delaying cable, 

men the beam has completed its traverse, the potential 
is re-apphed to the first pair of plates and the beam is 
wipdrawn. The whole operation may be over in some¬ 
thing of the order of a few micro-seconds, and we have 
^cepfully used the arrangement to record artificial 
transients having a total length of . 1-7 x 10“® sec. 
Some experimenters are in favour of employing in the 
withdrawing circuit a valve the grid potential of which 
CM be controlled by the surge current flowing in the 
timing circuit, so that withdrawal of the ray cannot 
occur until the current in the timing circuit has fallen 
to a predetermined value, thus causing the ray to be 
withdrawn automatically at the end of its traverse. 
It is our experience, however, that it is difficult to 
overcome the capacitance effects to earth of the supply 
transformer for the valve. We find it preferable, there¬ 
fore, to use a connection where the withdrawing circuit 
is directly in parallel with the timing circuit; if care be 
taken in the choice of capacitances, damping resistances, 
and resistances to absorb reflections, this connection is 
capable of giving very satisfactory operation. Time 
bases which sweep across in, say, 1 micro-second or less, 
are liable to grave errors unless due precautions are 
taken, and occasionally one has the unhappy experience 
of fin d in g that time is going backwards! Also, the 
damping in the circuits in which the transients under 
examination exists must not be overdone. Tlie author 
describes a mechanical switch of a very simple type 
whi^ he has used to good effect. We have used an even 
simpler one which consisted of a large mousetrap with 
just one or two additions, and it worked very well! I 
am glad to see that the author draws attention to the 
fact that resistance-type potentiometers are liable to 
give rise to distortion when used for high-speed work. 

I support this view, and think that their use is to be 
deprecated. I should also be glad to know his opinion 
of the insulator-string-type potentiometer. 


The Authors' Replies to the DiscussioiiT on their Papers (see Pages 41 and 67 

RESPECTIVELY^ ^ ^ ^ ^ ^ ^ ^ 


Dr, A., B. Wood {in r&p\y ): The enthusiastic discus¬ 
sion is^a sufficient indication of the increasing interest 
which is being taken in the development of cathode-ray 
oscillographs. Such a response is very encouraging to 
those taking an active part in this development, I am 
Ig^culax^ grateful^^ Mr. Davis, and 

Dr. MiUer, for their remarks on bigh-voltage osciUoi 
graphs used to recoM trao^ high speeds, 

Littie work of tffis charac hifierto been reported 


in this country, and I was therefore forced to refer 
somewhat extensively in .my paper to the results 
obtained by Continental and American workers. As 
shoitage of space prevents me from repl)dng adequately 
to ^ the speakers, I must ask their indulgence if I have 
overlooked any of the ppints they have raised. 

Dr; Drysdale refers to a few of the desirable features 
of cathode-ray oscillographs and mentions in particular 
sealed tubes with external photography. I have indi- 





80 


ca^ in the paper how far these desiderata have been 
achieved up to the present, but there is still much to 
be done, "ae two traces obtained on one plate were 
made simultaneously by two independent cathode 
stoams. They were made independently with a 
stream of cathode rays. Dufour describes a double tube 
tor such a purpose, but I do not know whether it has 
proved successful. 

Replj^g to Dr. Simeon, ordinary gelatine plates are 
sufficient for many purposes, depending on the recording 
s^d and the generating voltage of the cathode rays. 
At low recordmg speeds, low-voltage cathode rays will 
rec^ on ordinary plates. Cathode rays generated at 
high voltaps (30 kV or more) wiU record sufficiently 
weU on ordi^ plates at the highest speeds of traverse. 
^ ^ver iodide plates which I have used are not 
ifficult to make; they are similar in many respects to 
Schumann plates and may be prepared in somewhat the 
same manner. 

+i,^’ ^ working at opposite ends of 

" scale.” He requires the maximum 
rewrdmg speed irrespective of voltage sensitivity 
whereas I want both yoltage sensitivity and hicrh 
^ordi^ As I have pointed out in the papir, 

ttese two ^iderata are not easy to obtain Smul- 
^eo^y. The lens action " of the solenoid is very 
mterestmg, and my statement in this connection refers 
to a long solenoid with a magnetic field which is assumed 
to be uniform. The focusing action to which l>r 
^bone refem is apparently due to the radial com- 
p<ment of a distorted field produced by a short solenoid. 

draw kfr. Herd’s attention to my remarks at 
toe b^nmng of the paper, explaining that the division 
of catoode-ray oscillographs into two groups—high- and 
arbitrary. It is Lpossible to 
tow sai^actory hnes of voltage division to distinguish 
^tween vanous types. While opinions seem to vary 
TOto regard to the use of the words ” phosphorescent^ 
and fiuorescence in connection with a material like 
^um tunptate or willemite, I think Mr. Herd has got 
hold of toe less popular definitions. The name “ fluoies- 
rence IS ^erally applied to toe phenomenon exhibited 
by substances as fiuorescene (an aniline derivative! 
p^iffin oil, and a solution of quinine sulphate, whito 
when lUui^ted by violet or ultra-violet light emit 

wavelength than the 
mdent hght). Huorescene emits a brilliant yellowish- 
g^n light when exposed to daylight or an arc. The 
gmomenon of fluorescence was investigated by Sir 
^ Stokes, who framed toe law relating to toe 
so V Fluorescence continues only 

sMong asto^t is incident on the fluorescent substance. 
OM^su^ces, e.g. the sulphides of calcium, barium, 
^dstTMtium, continue to emit light, howeva:, when 

“ removed. This effect is 
Wed phosphorescence.” Balmain’s luminous paint 
OTntamaa mixture of these ralphides. Calcium tuags- 
~ ’ also exhibit phosphorescence. The 

to^i^T ® varying from 10-‘ second 

^=be nature of the sub- 
SS’ I®, phosphorescent under the action of 

to^?oi!o’^; ^ fluorescent substances are found 
to be phosphorescent also, and it may be due to this 


fact that confusion has arisen. Both phenomena are 
quite dKtinct, of course, from toe faint greenish-white 
lun^osiiy which phosphorus shows when exposed to 
™ effect is due to 

OMdation (slow combustion) of the phosphorus. I am 
obhged to Mr. Herd for details of toe simple arrange¬ 
ment using a condenser and diode which he has devised 
^d fm the reference to A. L. Samuel’s paper on a new 
tone-base. 

INfc Whipple raises the important point that in view 
of toe large variety of cathode-ray osciUographs it 
would be an advantage if some common basis of com- 
pamon (e.g. a figure of merit) could be devised. The 
principal difficulty which would be encountered in for- 
mulating such a si^dard arises from toe fact that the 
oscillograph depends upon the object in 
^bone requires a high recording 
speed and is not in the least concerned with voltage 
sensitivity. I, on toe other hand, regard this as very 
^po ant. There is no common ground of comparison 
m these two cases. The matter is, however, sufficiently 

mteresting and important to warrant furtoer considera- 
tion. 

In reply to Prof. MacGregor-Morris, I cannot venture 
an ^pmion regarding toe difference in the focusing action 
of toe gas m the Standard Telephones and Cables tube 
^ j ^ Ardenne type. In both cases gas is used to 
^oduce the f^using action. There must be other ways 
of focMu^ wffich do not involve toe objectionable features 
Msomated wito toe introduction of gas into the tube. 

efficiency of toe phosphorescent 
screen of Eogowski and Ruhlemann, while toe result 
IS very stnkmg one cannot imagine any known phos¬ 
phorescent ^terial withstanding such a bombartoent 
for more than a few minutes. Wito regard to toe 
mercury switch, I have not experienced such troubles 
as those to which Prof. MacGregor-Morris refers. 

r‘ ^ 2 , and Mr. H. 

Wright {*« reply): Although the higher-voltage hard- 
v^uum tubM are rapidly developing in the direction of 
higher fording speeds and so are finding new fields of 
apphcation as well as extending the older ones, we feel 
toat toe lowCT-voltage tube has a field of at least equal 
breadth and fteshness. The sealed-off tube is an instru¬ 
ment e^y to handle and can be set up almost anywhere 
m a laboratory in a short time, costs little in time or 
money for maintenance, and is ready for use as soon as 
the j^cmt is complete. Until the hard tube can be 
hanmed m this way the sealed-off gas-focused tube will 
continue to hold sway in its own wide province in spite of 
toe errors and possible troubles due to the presence of 
tne gas. 

Dr Dysd^e suggests that the most promising direc¬ 
tion for development is toe production of better fluores¬ 
cent maters for toe screen. Hitherto efforts have been 
made to obtain screens giving light which is brilliant for 
visual work and aci^caUy active for photographic 
^ possible to obtain photographic plates 
which are many times more sensitive to yellow light 
toan any otoer plate is to light of wavelength extend- 
from the blue to the ultra-violet region. Were 
it pc^ible to produce a fluorescent material gi ving 
a yellowish or faintly green light there would be no 
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need to use quartz either in the tube or in the camera 
lens. 


The almost simultaneous recording of current, voltage, 
and time-base was regularly carried out for over a year 
at East London College. The records were made at 
power frequency by means of a commutator arrange¬ 
ment which successively put each trace on for one cycle. 
In many phenomena under investigation the change 
occurring over three cycles is very small, so that in these 
cases this method can be applied. It may be noted 
here that time intervals down to 10 micro-seconds 
could be measured on photographic traces obtained 
with this apparatus, and the measurement of shorter 
times would have been possible had the phenomena 
under investigation been sufficiently constant to allow 
of longer exposure. 

Mr. Calthrop has developed a formula which certainly 
gives a good approximation, but we cannot agree with 
him that the asymmetry of the deflection/voltage curve 
is due to experimental en-or. As the plate-current 
curve is not symmetrical and the space-charge effect 
will be closely related to this current, it is only reasonable 
to suppose that the space charge will be different when 
the plate is positive to that which it is when negative. 
Unfortunately, the equations given by Mr. Calthrop do 
not hold at the lower voltages. It does not seem likely, 
in view of the complicated nature of the current, that 
any simple equation can be obtained which will lit the 
curve at all working values of the voltage. The difference 
is probably due to the asymmetrical arrangement of the 
deflecting plate circuit, as one plate is connected per¬ 
manently to the anode and the other is either at a higher 
or lower potential. This can be overcome by arranging 
the plates in " push-pull as has been suggested, but 
this would not be possible with a tube of the Standard 
Telephones Co.^s pattern. It is not out of place to 
remark hero that there is a difference of opinion regarding 
the exact manifestation of the tlireshold effect. Johnson 
states that there is no deflection for the first few volts, 
while Bedell and Kuhn depict the deflection as being 
produced in steps over about the same range of voltage. 
In the work under discussion the effect has always been 
observed as a continuous one, as the curves show. 

It is pleasing to note Mr. Herd\s remarks, which so 
strikingly show the possibilities of recording with the 
sealed-off gas-focused tube. Now that so much interest 
is being taken in this type of tube, as is borne out by 
the comparatively lai*ge number of new types which 
have been put on the market recently, it is to be hoped 
that still further developments will be forthcoming to 
make recording more easy. The potentiometer method 
of detecting the/^ origin distortion,'' as Mr. Herd suggests 
calling it, would lead one to the conclusion, from considera¬ 
tions of the actual results obtained, that the distortion 
disappears entirely at certain conditions of focusing. 
The sensitivity of one pair of plates is different from that 
of the other, and the distortion effect is also different. 
The distortion which is observed can only be the dif¬ 
ference in the distortion produced by the mutually 
perpendicular deflecting pairs, so that, due to their 
different distances from the screen, there are likety to be 
a large number of combinations of filament current and 
anode voltage which makes the distortion/sensitivity ratio- 
'' Vol;' 71.: 


the same for both pairs of plates, and so the trace appears 
undistorted although the threshold effect is still present, 
and may even be increased and not diminished. With 
regard to the best name to use for this effect, there are 
n which are used by different experimenters:— 

(1) The threshold effect, (2) space-charge effect, (3) zero- 
point anomaly, and (4) origin distortion. Of these the 
space-charge effect is the only one which suggests a 
possible cause. For the present, however, until the 
effect is completely understood it is probably wiser to 
use the term origin distortion." 

We agree with Mr. Whipple that a factor of merit for 
tubes would be a highly desirable thing to have. At 
the moment, nothing can be suggested, other than his 
proposal, which would afford a true comparison. The 
one drawback associated witli any method involving 
relative photographic sensitivities is that the actinic 
light from the fluorescent screen is concentrated in certain 
parts of the spectrum. This would mean that the speci¬ 
fication of a given plate as a standard might conceivably 
penalize one tube because its fluorescence was green and 
not blue, whilst if another plate were used it might 
completely reverse the results. Another point which 
would have to be taken into account would be the fineness 
of the trace, as a thick one could lead to fairly large 
errors in measurement. 

trouble with the blurred spot and parasitic loop¬ 
ing described by Mr. Mines has also been experienced 
by us. In our case we found it to be due to insufficient 
smoothing of the anode supply. In the presence of an 
external field this will cause the beam to oscillate 
slightly, owing to the change in sensitivity with anode 
voltage, and this produces the blur. When the tube is 
used under certain conditions this oscillation becomes 
"locked" with either the time-base or the applied 
oscillatory deflecting force, and appears as a steady 
figure on the screen. 

We should be interested to hear of experiments 
embod 3 dng Dr. Wood's suggestion of the focusing wire. 
Would not the trouble be that, due to the comparatively 
long time it takes for the electrons to travel from end to 
end of the tube, the repulsive force between the electrons 
in the stream would have time to make itself evident by 
lack of focus? The reason that the term " gas-filled " 
did not appear in the title was because it was felt that 
the term had been so long associated with the half-watt 
lamp that it implied a high gas pressure instead of a 
fairly good vacuum. We suggest that the term " gas- 
focused tubes " might be used as being nearer the 
mark, and we have now altered the title of the paper. 

Mr. Bedford s contribution to the discussion has 
certainly gone a long way towards explaining the 
mechanism of origin distortion. He rightly states that 
the means of ridding the screen of its negative charge 
has too long been overlooked. On analysing the curves 
shown in Fig. 17, i.e. those for the plate current in the 
4018A tube, it was found that they had the general 
form 

+ (7 arc sinh DF 

the values of the constants varying for each curve, and 
it is interesting to note that this falls in line with Mr. 
Bedford's analysis. It would seem that the term A 


6 




82 A CIRCULAR TIME-BASE GIVING RADIAL DEFLECTIONS, FOR USE 


represents the normal drift of electrons returning from 
the screen to the anode, and the last term shows how 
these redistribute themselves between the two plates 
as the potential difference between the plates is increased, 
the total number arriving at the plates being constant. 
The exact significance of the middle term is not too 
clear, as it gives positive values of current for negative 
values of voltage, although the form of it is somewhat 
as would be expected for a diode, corr&ponding to the 


current produced by the'' removal of ions from tiii‘ 
beam. 

The remarks of speakers have definitely indicalod the 
direction in which improvements in this type of tube 
are desired, and they are, in brief, speedier rt‘ct)rdinji* 
and the elimination of origin distortion. Witli 
wider interest and augmented experience of increaseii 
usage, it is to be hoped that the.se improv<nueiits will 
not long be delayed. 


A CIRCULAR 


TIME-BASE GIVING RADIAL DEFLECTIOl 
THE CATHODE-RAY OSCILLOGRAPH. 

By The Staff of the Radio Research Station, Slougi-i. 

(Paper fira received 25th February, and infinad form 18ih April, 1932.) 
Summary. 


A UOJZ/ 


t » JL A * 


1 stody of electromotive forces varying with time, the 

electeomotive force under examinatioa is caused to modulate 
similarly Md simultaneously two voltages whidi are appUed 
m quadr^ to the deflecting plates of a cathode-ray c^lo- 
screen-image on the oscillograph 
tim^base, on which are superposed radial 
dehneatag the wave-form and Hie time relation¬ 
ships of the apphed electromotive forces. 


Introduction. 

frequent of aU the appHcations of 
S osciUograph in experimental research is 

of electromotive force 
in to time. The electromotive force may be 

from or it may be derived 

Jin^S ^ “ me<*anical phenomena which may con- 
force proportionate electromotive 

Stb » 7^^ ^ ^ ^ piezo-electric crystal in association 

mS oscillograph for the study of pressures 

latter clJl^****xT^ an example of investigations of riiis 
ora V ^ow that sealed-off cathode-ray oscillo 

KelSeioiSt”^ “ ^ oompaxatively inexpensive 
rmniS? reponably be hoped that this 

wider ^ applications in still 

S2rt t i The purpose of the present 

m ;^ch appU^^^ “Tor 

Linear Time-Bases. 

the cathode-ray osciUo- 

t-tatio. i. ^ 

ComnnmicatiQns /ezrm* I oumal without being 


proportional to the electromotive .force iiiulor investigii 
tion, and the abscissae being made to vary in accordant- 
unth a known and controlled function of time by moan 
of spemal time-base circuits. The incouvenienc; of tli, 
smusoidal time-base has been avoided by the intro 
ductitm of a variety of linear timc-basc.s, in which tin 
indicating ^t is made to move at a siihstantiall\ 
^orm yeloaty from left to right, and then {, 

0^2 the appheation to the time-lia.se ekx'tnales 
of an el^omotive force of " sa-w tootli ’■ wave-form 
One such Imear time-basef derive.s the required electro- 
motive force from the fluctuations of the potential of 
the grid of an intermittently oscillating (" wiiieggini- ") 
valve using a saturated diode as the ^id leakThis 
device, ongmally introduced for the study of the wave 

Sv^of “'P hoen^.Ll foru e 

^dy of the retardation time of echo signal.s returned 
from the ionized layers of the upper atmo.5i)liere.{ 

Circular Time-Bases. 

In sonie investigations it may be convenient to 

Rations of the electr?mSve?or2S2^^^ 

by applying this electromorivc foteeS !sSrSr; 
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__ WITH T HE CATHODE 

anode battery * If, however, the el^trOmotive force to 
be studied v^es rapidly, this meihod is unsatisfactory 
when used wth cathode-ray oscilldgraphs of the sealed- 
o:ff variety, in which the residual gas pressure is relatively 
high. The changes in the effective anode voltage which 
result from the modulation process alter the sharpness 
of focus of the indicating spot, since such sharpness is 
a function of the filament current, the anode voltage, 
and the gas pressure. 

In experiments on the retardation time of wireless 
echoes, Goubau and Zenneck-f utilized a circular time- 
base obtained by applying equal timing voltages in 
quadrature to the two pairs of deflecting plates in the 
oscillograph. The electromotive force under observation 
was superposed on the electromotive force applied to 
one pair of plates, thus producing vertical departures 
from the circular time-base. If the echo signal arrived 
when the indicating spot was moving with a considerable 
horizontal component of velocity, its time of incidence 
was easily determined, but if it arrived when the spot 
was moving nearly verticaUy, the departure from the 
circle was nearly tangential and the order of accuracy 
of the determination of time of arrival was relatively low. 

In an editorial commentj on these experiments, it 
was suggested that the experimental technique might 
be very greatly improved by the use of a radial instead 
of a vertical movement of the spot. The particular 
electrode system suggested in the editorial note would 
not, however, give the desired result. Circuits had pre¬ 
viously been devised in this station for fulfilling these 
requirements, and it is thought that an outline of the 
method may be of value to other workers. 

Description of the New Device. 

If the electromotive force under observation is repre¬ 
sented by e ==/(«). it is desired that the spot should 
move on a curve of which the polar co-ordinates are 
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same impedance , at the frequency/, and they supply 
two audio-frequency transformers with centre-tapped 
secondaries. Condensers Cj are connected across the 
half secondaries, in Order to provide a low-impedance 
path for the transient e =f{t) which is applied between 
the centre points of the secondaries and the valve 
filaments. The anodes of the valves are connected to 



H.T. + through resistances and (through condensers 
Cg) to the four deflecting plates. (In the cathode-ray 
oscillograph employed, the four plates are separately 
accessible. This avoids the use of an output transformer 
-with centre-tapped primary, which would probably 
distort high-frequency transients.) 

The grids of the valves are biased so that the operating 


r ^ a + b ,f(t) and 9 cot 

where a and & are constants and a> is the angular velocity 
of the spot in radians per second, , 

The cycle of indication will be repeated / [== a)H2n)] 
times per second. /j 

Changing to Cartesian co-ordinates, we have 


x^r cos e = [a + b ./(0]cos cot 
Vorsin 6=^ cot 

It will be seen that the desired result is obtained by 
"to the plates voltages in quadrature, these 
being modulated by the electromotive force under 
observation. 


Of the many modulating methods available the push- 
pull modulator described§ by Heising was chosen. 

The voltages in quadrature are obtained by tapping 
off the voltages from a condenser and a resistance in 
series. The circuit, which is shown in Fig, 1, is nearly 
self-explanatory. C ^d R are adjusted to have the 

(formerly Wirdessand 

of Radio BHginem, 1026, vol^ 18. p, 206. This 
contains ayery complete summary of the modulation products oli^ned^ 



portion of the 4^ — characteristics is approximately 
parabolic. 

The theory of this modulator is given in Appendix 1. 

Use of the New Base. 

The use of the device may be illustrated by Figs. 
3 and 4. In these the electromotive force e=/(i), 
represented approximately in Cartesian co-ordinates in 
Fig. 3, was supplied from an intermittent (*' squegging **) 
psbillator, the grid condenser discharging through an 
ohmic resistance. The variation of the time-constant 
of the condenser and its associated leak controls the 
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period of operation over a wide range. Fig. 4 is repro- 
diiced from a tracing of photographs taken with the 
intermittent oscillator working at 60, 100 , 200 , and 650 
cycles per second. In each case a separate exposure 
was given in order tb show the undisturbed circular 
base. It will be seen from Fig. 4 that the straight part 
of the trace, representing the extremely rapid charging 
of the condenser during high-frequency oscillation, is 
approximately radial, no matter at what point in the 
cycle it occurs. 

Advantages. 

The advantages presented by the time-base circuits 
just outlined include the following. 



^ In common with other circular time-base circuits the 
length of base can be made nearly as great as the effective 
circumference of the oscillograph screen—-in the present 
case 31 cm. 

The circular time-base, by reason of the continuous 
angular rotation of the spot, lends itself well to permanent 
and accurate calibration as regards time; for example, 
by the application of a voltage of frequency nf in series 
with the voltage e. In these circumstances stationary 
ripples will appear on the circular base, dividing it into 
n parts representative of equal intervals of time. This 


example, the methods described by Dye and others may 
be applied over a considerably extended range. The 
uniform sharpness of the spot over the whole trace 
enables comparisons to be made between the reference 
frequency of the time-base and a very high-order multiple 
of that frequency. Observations have been made on 
about 18 000 cycles per second against a time-base of 
50 cycles per second. In this case the ripples are sepa- 
rat^ by one de^ee of arc which, on the circumference 
of 31 cm used in the experiment, corresponded to a 
distance of 0-8 mm, and the latter is sufficiently large 
compared with the effective diameter of the indicating 
spot to leave no ambiguity in the deter mination 
The circuits also lend themselves to the accurate 
comparison of two frequencies of very different orders 
when these frequencies are not in an exact harmonic 
re^tion. If the fr^uency is much greater than /,, 
fl IS applied as the time-base frequency while/, is caused 
to apply a short transient electromotive force. If /- is 
an exact multiple oif^ the transient will appear always 
at the same point on the screen, while departures from 
me exact relation will result in displacements of the 
transient in the screen image. For example, if /, is 
made accurately 60 cycles per second and is derived 
from the alternate swings of a seconds pendulum, the 
apparent movement of the transient on the screen will 
show the departure of the pendulum frequency from 
uniformity. Since a movement of 1 “ of arc can easily 
be detected, a departure of 1/60 x 1/300= 1/18 000 sec. 
i.e. 1/36 000 (about 0-003 per cent) of the period, in the 
rate of the pendulum can be measured with ease This 
departure corresponds to a rate of about 4 seconds per 
day, and the determination is made in a few seconds if 




100 cycles per sec. 200^cles per sec. 


Fig. 4. 



subdivision is independent of the small departures from 
truly circular form which may result from imperfections 
in the oscillograph. 

The circuits described eliminate the defects of focusing 
experienced with other circuits in which radial deflections 
are obtained. 

Applications. 

A^ong the many types of experiment in which the 
^plication of this form of time-base would be advan¬ 
tageous, a few t 3 q)ical cases may be mentioned* 

It IS unnecessary to add to what has already been 
said on the direct application of the circuits described 
in the study of the variation with time of transient 
phenomena, whether these occur periodically or not. 
It ^ay, however,, be useful to refer to other typical 
applications in which the circuits have special merit. 

In the liariuonic comparison of frequencies, for 


the swings of the pendulum are themselves uniform. 
The details of any non-uniformity in swing can be 
quickly studied in the same way. 

Thanks are due to the Department of Scientific and 
Industrial Research for permission to publish the details 
of this device. 


APPENDIX 1 . 

The Theory of the Modulator. 

It is assumed that the valve is working over a part 
of the characteristic which is parabolic, i.e. that the 
relation between 4 and eg is of the form 

— c -f- deg -j- he^ 

where c, (?, and A are constants. 

It is only necessary to consider the upper half of Fig. 1 . 
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The voltage applied to the grid of is 

a cos tot + 6 .fit) 

That applied to the grid of is 

- a cos cot -t- 6 ./(t) 

The voltage Woss the resistance R, connected [to 
Vj is ^ t 

®p«=*i[o-t-<*{ocos<ot-t-’6 ./(<)} +[A{ocoscot+6 ./(t)}*] 
and in the case of Vg is 

i?i[c + d{- ocoscot-f 6./(t)} + h{^'^Twt+b ./(t)}®] 

The resultant deflection on the 'Verticar* plates, due 
to the difference between these two, is therefore pro¬ 
portional to 

^i{d(2a) cos o)t -f }i{4:ab) cos uit ./(^)} 

by expanding and subtracting term by term, and this 
is equal to 

cos -j- %h}i .y(/)J 
which is of the form required. 


APPENDIX 2. 

Components for a 50-Frequency Time-Base. 

The following values of components were used (in 
conjunction with a 50-frequency supply) in the time- 
base arrangements for a cathode-ray oscillograph with 
a deflectional sensitivity of about 1 mm per volt. 

The*valves should be matched; and this is best done 
by turning off the circular-base electromotive force and 
applying only the transient to be studied. When the 
circuit is balanced the spot should remain stationary, 
i.e. no trace of the transient should be detected. 

The values of the components used were:_ 

/ = 50 cycles per second; voltage, about 1-6 volts: 

C = 4/iF ; B = 800 ohms ; O, = 0-04uF: 

C2=0-25/xF. ^ ^ 

Low-frequency transformers, ratio 1:3-5. 

Valves, L.S.5b, working with 4 volts L.T. 

= 50 000 ohms; 7?^ = i megohm; 

H.T =180 volts; grid bias = 4-5 volts. 

If greater amplification than that given in Fig, 1 is 
required, the leads are broken at A, -3, 0, D, and are 
connected as shown in Fig. 2, the points X in Fig. 1 
being connected to a bias battery of about 6 volts. 
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DISCUSSION ON 

“THE DESIGN OF A DISTRIBUTION SYSTEM IN A RURAL AREA.’’* 

The Authoes Reply to the Discussions at London, Gloucester, Glasgow, Sheffield, 
Newcastle, Manchester, Liverpool, and Birmingham (see Vol. 70, Pages 235 and 449). 


Messrs. E. W. Dickinson and H. W. Grimmitt (in 
teply ): In the first place we wish to express our appre¬ 
ciation of the way in which the paper has been received 
^■^d to thank those who took part in the discussion for 
the constructive criticism which indeed was what it was 
desired to evoke, because the subject is admittedly a 
most thorny one. We had little idea that the paper 
would arouse such widespread interest and discussion, 
but it was dear from the first meeting that this was 
because the matter had been engaging the earnest atten¬ 
tion of so many in the industry. We ourselves had con¬ 
sidered that the paper was little more than a collection 
and a digest of information. 

We are pleased to find that the main conclusions of the 
paper have not been materially affected by the fUsp.iigBir.Ti 
It has been so great in volume—upwards of 70 speakers 
have taken part—that it is obviously impracticable to 
reply to each speaker individually, nor is it desirable, as 
with discussion at so many Centres the same point has 
been raised repeatedly. Hence we propose to answer 
points rather than speakers. We ask indulgence if any 
points have been overlooked. 

Some important parts of the paper escaped discussion 
altogether, and it may therefore be inferred that these 
were generaUy accepted. Much of the discussion was 
devoted to detail of design and reduction in cost of 
construction, especially of the low-tension distribution. 
The question as to a proper form of tariff again evoked 
much mte^t, and we have been somewhat criticized for 
not carrymg the matter further. We intentionally 
refmmed from doing so,, being fully convinced that a 
ma^r so highly controversial should not be introduced 
as though it were a subsidiary one, and contented our¬ 
selves with expressing the opinion, which we would re¬ 
iterate v^ strongly, that a two-part tariff wherein tiie 
service charge rises and the unit charge falls with increased 
usem es^ni^ (see page 236). The subject is more fully 
dealtwittilaterm our reply, but we would seize this oppor- 

subject of tariffs is one Lt 

qualified than ourselves and having more 
inti^te knowledge of the problem. At any rate lie con- 
^ «^e<iiscussion was genmaUy to approve 

f the umt charge bemg kept in as close a relationship as 
posable with actual running cost. Although a great 
)^ety of opmion was evident as to what the basis o?the 
Sarwce charge (based on the fixed costs) should be it 

s«ms clear that the industry is stiU see^^^ 

q c arging which bears some closer relationship to the 

■ paw^. and H. W. Grimmitt (see yol. 70, 


quantities sold, namely, Idlowatts and kilowatt-hours, 
than has so far been the custom. If electricity is to 
become a commodity of universal use its sale price should 
not, for instance, be made mysterious by a reference to 
amenities of a certain district or the ability of the con¬ 
sumer to pay what might be inferred from the use of 
rateable value as a basis. The basis of floor area is for 
the same reasons incorrect as only a portion of a dwelling 
may be occupied. 

Several speakers emphasized what we said as to the 
importance of keeping down fresh capital expenditure’; 
to a mimmum and the necessity of making better use of 
the capital already invested in order to a’fford progres¬ 
sively cheaper supplies to consumers. 

On the question of costs of equipment as shown in the 
schedules on pages 226, 230, and 232 and adopted in the 
paper, opinion seems to be divided, some considering the 
estimates much too low, wliile others found them too high. 
We conclude, therefore, that the figures we have taken, 
may be regarded as a fair average ‘ tliroughout. Since 
^tmg the paper we have been confirmed in our belief 
by the fact that large contracts have been placed at 
pnees approximately equal to, if not less than, those 
given m the paper. 

As was to be expected, the paper was approached by 
some speakers from the point of view of their own under- 
amngs, or of their own particular experiences, and their 
cnticism went to show how local physical conditions 
anect detailed design, 


Modifications of Conclusions, 

^ Refemng^tb the conclusions set out on page 234, it can 
exception was taken to the accuracy of 

tlierefrom, on winch the 
earner part (Conclusions 1 to 6) was based. 

advanced to rebut the conclusion that the 
of electricity can be extended 
“ 4 .*° ^®as of less population density 

376 persons per 
+W xt* paper was written (Tabb 6) 

nd that this can be done with confidence. 

elution^adduced to show that Con- 
rural areas any reduction in the 
to cootunor. wiU to tocto^” ate 

and greater gross revenue--is untrue 

of A (8), we admit that “ application 

ander which the charge for electricity is 

hoped to^tenT* consumption, it can confidentl^be 
^a’Tge sources of revenue V' is rather a bald 
steten^ent And Should be modified as it S Sable to 
m^ 1 C suppli^, for which load factor can roughly be 
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gauged. For power purposes the price should be a 
matter of agreement based on a kilowatt and unit charge, 
if possible modihed for off-peak load supplies. 

In regard to Conclusion (9) the discussion has not led 
us to depart from the view that development should take 
place on a comprehensive design and not sporadically 
(see page 191). Much that was cogent was advanced in 
the discussion in favour of a creeping development out¬ 
ward on a flexibly designed network, always giving time 
for revenue to accrue to justify further expansion. We 
are satisfled; however, that the comprehensive design will 
be more and more adopted as time goes on, and we 
merely cite, as the most recent exaniples, those for 
Dumfriesshire and Northern Ireland. 

As to the extent of the area that should be considered, 
we quite realize that areas of much smaller extent than 
400 square miles exist, but it seems obvious that they 
should be amalgamated with neighbouring areas. 

Conclusion (10)—that the best pressure for the dis¬ 
tribution in rural work with scattered loading is 11 000 
volts, 3-phase—has been generally conceded, and is 
desirable both from the point of view of uniformity and 
of interchange between areas. As to the system of 
supply# we recognize that a case has been made out for 
single-phase working in those areas where there is little 
hope of industrial loads or where the load is purely 
domestic. 

Conclusion (11)—that the cost of overhead lines and 
equipment can be reduced to a minimum by standardiza¬ 
tion, bulk purchase of material, and such preparations as 
will ensure continuation of construction—^has been 
accepted without real question, although it has emerged 
that financial considerations, especially in small, strug¬ 
gling undertakings, militate against development in this 
way. 

As regards Conclusion (12), we admit the force of the 
criticism that we have been too sweeping in stating that 
electrification should proceed in all areas over which 
powers of supply are held. Obviously the statement 
should be read in conjunction with the finding arrived at 
that it does not appear economically possible at present 
to attempt electrification in areas where the density is less 
than 76 persons per square mile. Moreover, just as in 
the case of densities of 100 and 160 persons per square 
niile, the rural areas should for purposes of more effective 
control and development be associated with an estab¬ 
lished urban undertaker, as clearly adumbrated in 
Figs. 6 and 11. 

Conclusion (13)—^as to goodwiE and co-operation 
between all concerned in development even in areas of 
population having densities little above 76 per square 
mile—was challenged on the grounds that it was probable 
that such a meagre population would not be sufficiently 
wealthy to give the estimated revenue of £10 * 06 per 
consumer. We would ask these critics to await further 
results which, we axe confident, will justify our figures, 
especially if allowance be made for the extended use of 
electricity for water and space heating and cooldng which 
experience shows does follow upon a wisely devised tariff 
(see Table 10). The wording " goodwill and co-operatioh'' 
was introduced designedly, and more particularly because 
we know how difficult it appears to be for companies and 
local authorities to work together for their mutual benefit. 


Having now referred to the salient points that emerged 
from the discussions, we propose to proceed to reply to 
certain matters in greater detail. We find that it is con¬ 
venient to summarize our replies under separate headings. 

Units sold per £ of Distribution Capital Expenditure, 
Notwithstanding the advance in the distribution of 
electricity, the number of units sold per £ of distribution 
capiUl invested is not increasing (see Table 3), and we 
considered this to be a serious matter, but some exception 
was taken to this view. Mr. Phillips argued that it might 
indicate that wise and greater provision than usual was 
being made in anticipation of future demand. Talcing 
the figures for 1928-29 (Table 3), it will be seen that 
60 units at 0;97d., being a total of l*38d. per unit sold 
(as shown in Table 2) minus 0*41d.—^i.e. the cost of 
electricity sent out of the generating stations and of bulk 
supplies—^is about 4s., or a return of 20 per cent on the dis¬ 
tribution capital invested. If we attempt to reduce the 
sale price to 0*76d. less, say, 0*36d. per unit for genera¬ 
tion and bulk transmission as a desirable objective, the 
return on the distribution capital would be only Is. 8d. 
in the £, or just over 8 per cent, which is clearly insuffi¬ 
cient. It follows tliat the number of units sold per £ of 
capital must be made to increase and the price per unit 
sold to the consumer to fall, but for the past 7 years this 
is shown not to have happened. We still hold, there¬ 
fore, that this is a serious matter, and Mr. Kennedy's and 
Mr. Pliillips's remarks have made it abundantly clear. 

Size of Model Scheme Area, 

Our conclusion was that an area of not less than 400 
square miles in extent should be considered for electrifica¬ 
tion, and multiples of unit up to 3 or 4 times might con¬ 
ceivably give better results. Mr. Phillips thinks that an 
area of 400 square miles is too large to be administered 
from one organization, while Mr. Siviour agrees with our 
choice of a hypothetical area. Although Mr. Britton 
sees no justification for stating that the size of an area 
should be 400 square miles or any other figure, he agrees 
that they should, for reasons of economy, be as large as 
possible. Pie thinks that rural electrification should be 
linked with a fully operated established undertaking in 
an urban area, because when so attached more rapid 
expenditure of capital is possible, owing to the financial 
support obtainable during (presumably) the earlier stages 
of rural development. Mr. Margary's attitude generally 
confirms Mr. Britton's views. In these remarks we 
seem to detect a clash of interests, or rather a difference 
in point of view as between local authorities and com¬ 
panies engaged in tackling the problem of rural electri¬ 
fication. When deciding upon a suitable size of area we 
had only in mind a practical and economical solution 
and, as a matter of fact, we have contemplated centring 
our scheine on an established urban centre, as we thought 
would be evident from a carefur inspection of Fig. 6, in 
which the centre of the Mod^l Scheme area is a town 
provided with a grid supply. We cannot make it too 
clear that we have considered our Scheme as being con¬ 
trolled from an urban centre where electricity is available 
and where a company or local authority is charged with 
the business of distribution. In these circumstances we 
contend—and there has been no sufficient evidence to 
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contention—that the surrounding rural area 

^ so 

Hw»it “ possible without adding to the town 

temporarily in the shape 
project. When that 
pnod has elapsed, we have shown that a scheme of 
expansion will prove to be an asset. In the case of a 
^rapany tos responsibiUty would be borne by the share- 
bn«n^ .f. contemplated sharing in the distri¬ 

bution ^d management expenses in a way one might 
assume to occur in practice, and we shall refer to this 
a htfle later in our reply. Where the rural areas sur- 
te the hands of companies we see no 
r^on to modify our general assumption as to control 

shovm^^^”^'*^* convenient point at the costs 

Mr. Briton suggests spheres of operation centred on 
eating urbm points of supply well chosen so as to cover 
he whole of our occupied areas more or less uniformly 
aving regard to minimum distribution costs. To this 
^e would agree as being an ideal arrangement, provided 
some commoMense agreement could be come to between 
local autiionti^ and companies, both of whom are 
engaged m this important pubHc service. It may happen 
in these circumstances,. as it does now, that the best 
authority undertaking operating, say, a 
small urban supply is neither wealthy nor feels itself in 
a position to launch out into rural electrification. In 
such circumstances confidence is absent and the spirit 
‘JS’Juped. Some financial backing is 
required in the form of a guarantee from a central fund 
or from tte reserves of amalgamated interests dependent 
on development work for their existence and steady 
progress. ^ 


“’^rse. be possible to have a voltage variation 
of 12 per cent at these points and to keep within the 
statutory requirements at consumers’ premises. 


l^ensiiy of Population. 

Population per square mUe has been said to be not 
quite the most convenient basis for the purposes of com- 
putog Mtimates for a rural area. Mr. Fennell and Mr 
ririton both suggest" consumers per mile of line." This 
unit IS quite satisfactory when considering l.t. distribu- 

^ the 

length of h.t. Ime m this figure as it bears no relation to 
tire numbw of consumers. We have gone to some length 
o explmn ifte dispersion of the rural population in 
relation to the electrical load, and it must be understood 
th^t when a population density is referred to we must 
imagine an area normally split up into parishes, each 
parish consisting of 4 square miles. A parish is assumed 
to contam one village in which roughly 80 per cent of the 
people m the parish are living, and the varying sizes of 
the Images axe in the proportions set.out in Table 22. 

Lay-^ui {Fig. 11). , 

Fig. 11, in which are shown 33 000-volt radial feeders 
IS p^ly diagrammatic and is drawn simply to indicate 
mat a supply of electricity at 33 000 volts is available at 
the i^ntre of each 100-square-mile area. In actual 
practice these feeders will either be duplicated or in the 
form of amg main. ** 

answerto^. Biles and others, the voltage at these 
four points has ^en asstuned to be controlled. It would 


Tariffs. 

At least fift^n members have referred to the question 
of tanfiEs applicable to domestic use—some at consider¬ 
able length. We pointed out in the paper to the need 
rf schemes were to be successful, for a suitable tariff, and 
by a suitable tariff we meant (a) a simple one, (M one 
aving some relation to the demand made on the capital 
and service of the undertaking, (c) one inducing the con¬ 
sumer to use more electricity, and {d) one that studies 
the consumer m respect to payment, etc. From the 
exammations made and recorded in Figs. 9 and 10 we 
came to the conclusion that a tariff for domestic purposes 
under which the charge for electricity is reduced in some 
relation to consumption would perhaps, in aU the circum¬ 
stances, be the best to adopt. That there is need for 
.revision cannot be doubted. Mr. Macleod says that in 
tes opmion there is a great need for the simplification of 
tar^ md that when a reasonable and readily understood 
toiff IS available custom automatically and rapidly 
deveteps. Mr. Siviour is definite about the need for a 
suitable and attractive tariff; Mr. Nimmo’s chief criti¬ 
cism IS that the paper lacks a model tariff; Mr. Hethering- 
ton refers to the prevailing wide diversity of tariffs and 
the nec^ity for uniformity so as to avoid clash and con- 
fusion at the borders of contiguous or neighbouring areas, 
Md thinks -^t at any rate ^e form at least of the 

tinoughout; while Mr. 
Mounsdon hopes for our further remarks. 

It may be as well to explain at once that the form of 
the^curves shown in Figs. 9 and 10, on which our esti¬ 
mates of umts sold and price per unit for the Model 
bcheme revenue are based, show the position for 1929-30 
ij j tile coui-se of time the curves in Figs. 9 and 10 
should drop little by little to correspond to the average 
revenues per unit sold (given in Table 2), but whether tL 
curves will tend to tilt downwards at point B witii the 
or Iras fixed is a debatable point. It 
should do so,^we think, with improving load factor and 
mraeased umts used per £ of capital (Table 3). 

We felt safe in using the figures we did when they 

telnL f H ^ y®“ l*ad passed. Mr. Woodward 
tonics It dangerous to have mixed up power units and 

. omestic umte. A separate curve covering sale price 
and consumption for electricity sold for » domraticpur- 
poses only was derived from the same 221 returns and 
waa found to comade closely with the left-hand portion 
follnw “d^strial unit readings were found to 

hand side wth the average revenue of 0-72d. per unit 
sold (see prices assumed for Model Scheme, Table 16 b). 
Referring to the formula (1140d./units sold) -f- 0 -73d. 

^ investigation tends to show 

^“<1 bears no 

close corerapondence to, the actual running cost of the 
unit to the consumer. Withbulksupplyatf3-26-j-(j-2d 
*7® running cost is calculated to be about 0-4d/ 

; ! ®, .®^ ® remarks in this connection are interesting and 

mstoctive It seems clear that the unit charge as now 
made usually carnes with it about 45 to 60 per cent of 
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fixed charges. This, we think, is generaUy reaUzed and 
IS confirmed by Mr. Long^s remarks. 

This mixture of fixed and running costs as usually 
reflected in the running component of our 2-part tariffs 
does not by any means do what supply engineers want, 
x.e. increase the number of units sold per consumer or 
per £ of capital expended. It indicates rather that we 
are still in a transitional stage as regards tariffs, and are 
moving slowly from a flat-rate unit charge, which was 
mOTe suitable for the days when electricity was sold for 
lighting only, towards a 2-part tariff suitable for all 
domestic purposes, including small domestic power, and 
cooking, water- and space-heating, in which, after fixed 
charges are satisfied, every additional unit is sold at a 
figure closely approximating to the actual running ** 
cost of producing and distributing it. If we admit a 
transitional stage then it follows the right course to take. 

Table A. 

An Example of a Domestic Two-part Tariff, the Fixed or 
Service Charge being computed on a Proportion of 
the Units Metered being sold at Sd., and the Unit 
Component Charge being graded. Minimum Fixed 
Charge M. per week or 2%s. per annum. 


Annual consumption 

Fixed or 
service 
charge 
for range 
given in 
cols. 1 
and 2 

Actual 
fixed or 
service 
charge for 
range 

Unit 
charge 
on full 
(|uantity 
metered 

Average 
total bill to 
consumer 
for range 
given in 
cols. 1 
and 2 

From 

To 

kWh 

kWh 

per cent 

ii per annum 

d. 

& 

0 

226 

— 

— 

8-00 


226 

1000 

26*6 

6-20 

1-25 

8-39 

1 001 

2 000 

8*0 

4*00 

1-00 

10-26 

2 001 

3 000 

4-28 

3*56 

0-86 

12-29 

3 001 

4 000 

3-00 

3*50 

0-76 

14-41 

4 001 

6 000 

3*00 

5-00 

0-60 

17-66 

6 001 

8 000 

3*00 

7*08 

0-60 

21-68 

8 001 

10 000 

3*00 

8*93 

0-45 

26-84 


Pot Consumers on i-paft Tariffs 

by 4 use the 


whenever the occasion arises to reduce tariffs, is to maVp 
the reduction on the unit component of the 2-part 
tariff. AH that we intended in suggesting the form of 
2-p^ tariff shown in Table 19 was that whatever the 
basis of the ascending " fixed or service charge *' might 
be—^whether room area; kilowatts actually measured or 
flowed for by means of graded sizes of meters; lamps 
installed; or fiimlly by unit consumption; it should be 
smoother in ascent, and so formed that the unit com¬ 
ponent charge descends so as to be an encouragement to 
increased consumption. In the light of the discussion, 
and having in mind the fact that electricity for lighting 
is a marketable commodity at 8d. or 9d. per unit, cook¬ 
ing at round about Id., and water- and space-heating at 
about Jd., we now suggest a slightly modified alternative 
form of quantity tariff to that shown in Table 19, based 
as before on unit consumption (see Table A) . It is true 


t^t graded tariffs with the fixed charge based on other 
than umt consumption are now in force—wde North¬ 
ampton where the fixed charge is based on net rateable 
v^ue duly graded, and a unit charge also graded in two 
steps at |d. and |d.; Bedford, with a somewhat similar 
.scheme but more roughly graded as to service charge 
with seasonal variation in the unit charge fixed at id. 
for the urban zone, and North Ireland, with a fiYPd 
charge based on aggregate floor area (external measure¬ 
ments) duly graded on a unit of area basis, with a stepped 
unit charge of |d. and Jd. ^ 

l^twitotanding Mr. Fennell’s remarks, this domestic 
tmff IS legible and the service charge is based on some- 
thing tangible in the shape of a percentage of units sold 
It IS easily understood and could be clearly indicated on 

^ clearly explained, 
the exception perhaps of graded meter sizes it is 
^■ter, to our mmd, than other domestic tariffs in respect 
to the service charge, because it pays some regard to the 
load factor that might reasonably be expected with 
inareased output, and consequently to the consumers’ 
Mowatt demand on the S 3 rstem, allowing for diversity. 
Bom components could be slightly increased as the 
radius of supply was extended if tariff “ zoning ” were 
^opted by the supply authority. We think that a 
tariff of this kind should apply generally at the con¬ 
sumer’s terminals whether he is isolated or not. Any 
further charge in cases of long service or spur line^ should 
be, if regarded as essential (which we do not), a definite 
amount per annum calculated on capital expenditure as 
rewmmended by Mr. Long (see the remarks on spur lines 
later in reply). 

Choice of H.T, Voltage. 

Mr. Phelps suggests the use of 22 000 volts for theh.t. 
^twork shown as working at 11 000 volts in the paper. 
His chief reason for advancing this view is that this 
voltage eUminates the use of much of the more expensive 
33 OpO-volt mams, and the cost of 22 000-volt Imes is 
httle in excess of that of 11 000-volt lines. The general 
consensus of opinion in the discussion is that in this 
wuntry 11 000 volts is by far the best pressure for local 
transmission in rural areas, with a 33 000-volt transmis¬ 
sion system for bulk suppliers. Throughout the paper 
we endeavoured to keep to generally accepted standards 
endorsed by the Electricity Commissioners, but in the 
CMe of the North East Coast, where conditions are such 
that the proportion of industrial load is greater than that 
taken for the Model Scheme, and where the size of the 
area and average conditions differ from those which we 
Msumed, we would not suggest that, considering the year 
m which it was designed, 22 000 volts may not have been 
the best pressure to use. We feel, however, that if the 
system were to be re-designed in the light of present 
experience and practice, the transmission and distribution 
arrangements suggested in the paper might greatly 
mfluence the mind of the designer. 

Spur Lines. 

^ The means suggested in the paper of reducing the cost 
of H 000-volt spur lines, namely by using a .small 

copper conductor in conjunction with short spans, has 
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THs method Of construction 

Continenta^^'^^^E°’**®^‘^® country, and the cheap 
t^^e^ hnes referred to in the discussion are of thJ 

^/leave question hinges on wayleaves. If 

wayleave troubles are absent then a line built up of a 

of conductor, say No. 6 S.W.G. with^spans 

Vrive insulators, will invaWably 

C -f ^ a longer span. On 

if hn?S®ir consumer (and this is the Mnd 

more Utelv tolT h’' wayleave troubles are 

1 * ^ because the line often runs over 

the land belonging to the consumer. 

connecting up isolated consumers is a 

of viw °°Itt^^ technical and economic points 

. . ’ only prove lucrative if the undertaker 

toSake^uuZS *^® consumer 

beXpn I ®®tocity. and every assistance should 

rn ^ isolated consumer, always provided that 

S?w1- not unduly sufft 

^1 tte statistics m the paper the average revenue per 

£11 per annum. This is lament- 
^ly low, and it is obvious that electricity is emSyed 

problems affords immense 
wilf be Doir hf t “<iividual farm at its best 

Sere i« ThI ‘^'^®rsity among farms should be high. 
There IS therefore every reason for connecting up \s 

y as (me can, and the possibilities are that the 

te «» cto of 

HliHiJfr load. Mr. 

maximum demand of his 
raral area may occur in the summer months- this of 

S be dS"'' factor-^ result highly 

factoJvi^*!i comumers Mr. Long indicates a satis- 
tactory way of amvmg at an annual charge on special 
local expenditure incurred, to which must be add^ the 
usual consumers' 2-part tariff with a unit charg^t^" 
a high proportion of fixed costs. We agree proSd 
the course recommended on page 216 of the paper was 

everTLla^^^*^^^®’ perhaps unfortunate that 

consumer should actuafiy be treated dif- 

ferently M regards payment for a supply. Mr Long’s 

method IS no doubt the fairest. The other alteim- 

’’k ® ^ transfonner Si 

appears to be reasonable m most cases and works well 
m wa, tat it dots »ot take into aecount StS 
mmf' ■■■ “tailed in teaching the cta- 

ata SeS'ta5.r““'’• 

It fat^it’aS f ““toestlngi^tin this eonneotlon. 

It K not at aa safe to assume, he says, that any proposi- 

S ^ *1»® ^^evenue is fixed at 20 Jer rent 

of the capital cost. Whether it pays or not L ren! 

r^tm reld. _ A low-^ced unit, he points out, inducing 

revenue than may bf 
t ^ ^ few units at a high price 

®’^nditure, and may onHe 
f 20 per cent on tte capital 

e:5pe^ed^ He therefore sixesses the advisability of some 
r^ion of th^lauses Acte The argument pS ?orS 
mvolves (jues^pns of policy as to how d^ielopS 


should procred, and in the circumstances we can onl? 
^^21^^*^°*^ considered view as expressed on 

Mr. Coe mid Sfc, Lisle ask what is the best method of 
de^mg wia isolated supplies to farms, hamlets, and 
country residences m patches of sparsely populated areas 
(say about 65 per square mile). ^We Jould rS^ 
speakers to the final nn-rairrQ'rv'U _ / • __ 



Z, - Z.Z ^v^usmer xms a special circumstance 

Si 5" advocate single^phase galvanized- 

steel conciuctor interconnection at 11 000 volts. For 

Mod^^ densities and loadings taken for the 

Modrf Scheme we would adhere to our conclusions given 
in the paper and use 3-phase lines. 

Earthing. 

■rZtt earthing has been raised by several 

S perhaps some confusion in the mir,ds 

° engineers as to what constitutes " earthing ” 

S^hmg should, we think, be distinguished bv 
mference either to (g) the earthing of the l.t.^ftSl S 
to (6) appmatus earthing. With regard to the fonder 
toe Commissioners’ Regulations require that an earth be 
n^at one pomt only and that the insulation of the 
mad^n^® Pr^erved throughout. The regulation was 
made to avoid any mterference with the operation of 
telegraph and telephone circuits. In these renditions 
i.e. earthing at one point only, there may obviously be 
to tS'evf along the fengil of the neutml 

It *^fnr * occurring at the end of the 

1± Ime remote from the earth. Comequently it 
possible under certain circumstances for the voltage to 
sufficiently to make the line dangerous to toSc? 

mult^'^^^J^-^' ^®"“®‘^y toerefore, that so long as 
P earthmg is prohibited we cannot advise the use 

'“1“ tare, or ds^ 

to toe water_ supply system or some tested earth 

1^1 ^ ^ ^ impossible, we recommend a 

Setoeto” ®®^®^ 

the opimon that we expressed in the paper. As to the 
H W°Ta*^" 

countrv a +• ^® realize toat in exposed hilly 

contoluous earth wire placed above the hb 

condurtore will tend to eliminate lightning troubles an(i 

Bilre luises the question of the best type of earth 
g^to mptoy. Thi. i. Ml . oSTpl. W 

StTK^loT^F T “ “'’P®" “ i™! "<1 

as anv of tha t “■ ^^“®tor gives as good a result 
been ^cr(kdi+A.?K^ types. The use of crushed coke has 
2 eaS^S h lias been found that as good ; 

^ ^ without it as with it. It may be 

mterestmg to note that where lattice steel toweto are 

offer the foundations 

eSrie"" *® ®^‘‘ the usual eS^ 
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DISCUSSION ON THE DESIGN OF A DISTRIBUTION SYSTEM IN A RURAL AREA/' 


Acts and Orders. 

Mr. Siviour questions our assertion that the Acts and 
Orders are no impediment to development, and says that 
they require clarifying, and Mr. Woodward is of the 
opinion that the option to purchase by a local authority 
forms a definite bar to progress. This may be so in cases 
where the option to purchase is near at hand, and no 
doubt some of the Acts and Orders would be better for 
revision, so putting the authorized undertakers on a sure 
footing and inducing expansion. We ^re heartily in 
agreement with Mr. Siviour when he suggests that a 
codifying Act would be a useful addition to pur book¬ 
shelves. 


Commissioners* Regulations, 

In the paper we stated that the Commissioners' 
Regulations do not offer any obstacle to the cheap ex*ec- 
tion and design of overhead lines, and we see no reason, 
as the outcome of the discussion, to modify those views. 

As Mr. Niramo points out, many h.t. lines are erected 
in excess of the requirements of the Regulations, thus 
unnecessarily increasing cost. With regard to general 
criticism on the score of cost, it may be pointed out that 
in the case of l.t. lines it is usually found essential in 
practice to erect larger-diameter poles than the Regula¬ 
tions actually demand, in order to enable service lines to 
be taken off neatly. 

As to h.t. lines, Mr. Fennell, Mr. H. W. Taylor, and 
Mr. Hill emphasize the necessity of the continuous earth 
wire, but in our opinion, as given in the paper, it is not 
always necessary, and saying can frequently be effected 
by omitting it. 

It is not within our province to express any definite 
views as to whether any relaxation of the Regulations 
in respect of factors of safety, etc., is necessary or 
desirable. Whatever variations may be made from time 
to time we do ieel that, as a practical point, reliability 
should under no circumstances be sacrificed by those 
engaged in supplying rural areas. 


Distribution Networks, 

Village Distribution Networks, —Mr. Fennell suggests 
that the lay-out of pole transformers, substation, and 
low-tension 3-phase 4-wire 400/230-volt network, as fully 
described in the paper, is or will be generally unsuitable 
and uneconomical, because he says that the whole 
tendency is towards ribbon growth in rural areas. 
iUthough we think he is mistaken in assuming that no 
check will be placed on ribbon growth, an h.t. and l.t. 
s^tem with suitably spaced transformers is mpst suit¬ 
able apd flexible for this kind of housing developrnent, 
^ that in some spoilt areas this system 

best, and here we would endorse 
Mr. Fennell's suggestion, but it cannot be said to be of 
g^ieral application. It is usually found that a lone* 

^ viilage can be well catered for by two sub- 

stations, the chief point governing a lay-out being the 

voltage-drpp. ^ The position of the substati^^ is more 

Often than not governed by geographical and wayleave 
considerations. * 

_ We admit that the use of No. 8 S. W.G. copper 

j«stifl^^^^ the smallest 
0 hamlets; the poles should be such that a larger size of 


conductor may be strung on them at a later date. Tlie 
saving in using No. 8 S.W.G, is very small and we 
further admit the argument that it might be well in 
practice to have 0-05 sq. in. as a minimuin size, as so 
little will be added thereby to the cost of equipment. 

It is impossible to say that no l.t. lines should exceed 
a certain length; such a ruling may be possible in an 
urban area where consiimcr.s are more or less evenly 
spaced, but for rural work it appears to us to be out of 
the question. It must not be assumed that the length 
of l.t. main shown in Table 24 represents long, straiglit 
runs. The length may be made up in sliorter star-sliaped 
amounts. 

As to the point raised l^y several speakers, including 
Mr. Fennell and Mr. Turnbull, whether a very definite 
saving might not be effected by the use of siiigle-phase 
3-wii-e distribution in the smaller villages, wo are in 
agreement, where there is an alisencc or no likelihood of 
power load. It has several real and obvious advantages, 
including cheapness, but it should be adoi)ted with great 
caution as one can never foresee what industrial develop¬ 
ment may arise in a rural area. Wc do not cidvocato 
its almost general use as does Mr. Turnbull, but for small 
hamlets at the end of spur lines it is perfectly satisfactory. 

It was not included in the paper, because it would have 
been difficult to cissume exactly where single-phase and 
3-phase supply should be used, but a scheme such as the 
Model Scheme with some single-phase networks would 
have been cheaper. We felt we were right and safe in 
budgeting for a 3-phase system. 

Voltage Regulator$,~VLv, Norris and Mr. Ayre.s raise 
the question of automatic voltage rcgulatoi-s. The chief 
difficulty in a rural network when it becomes fully loaded 
or the load in a portion develops more than is estimated, 
as is often the case, is regulation, and it is iit .such cir¬ 
cumstances that an automatic voltage regulator appears 
to us to be a sound i)ropositioii. In this conneiction the 
question of voltage variation at consumers' terminals 
must also bo considered. The maximum variation 
permitted by the Regulations is 4 per cent of the 
declared voltage. Mr. Britton suggests that a greater 
variation should be allowed. We do not hold this view, 
because if a cooking load is anticipated, as it must be, 
nothing can be more hai’mful to the reputation or the 
usefulness of electricity than a severe voltage-drop at 
the cooker, 


There are two aspects of the que.stic)n as to what saving 
can be effected by the use of voltage regulators. The 
first is whether greater .saving could not be made by 
installing them to cope with excessive voltage-drop as 
and when unexpected demands occur in the later stages 
of development. In this case it is pm^ely a question of 
balancing the advantages of (^) the cost of erecting now 
or larger mains, {&) an extra feeder, {c) a new sub¬ 
station# and^ (d) a regulator. It is fairly certain that 
unless the increase in load is excessive the regitlator 
will give the greatest saving. The other aspect is as to 
whether it would not be better to install a regulator at 
the commencement, so compensating for all the h.t. 
voltage-drop. From this point of view the engineer 
would, from the start, be able to work out hi.s network 
for a liigher density than would be possible without one. 
Fig. 29 illustrates this point. Owing to the reactive 






ON 


a^:Sir~ 3 S 

'i’^«P‘"» «“* «.« -*a p„. 

«S2SS« 

SE-S-sssS; 

is to increase the factor of <.afA+ I^®'vaihng practice 
roadside The Co^L ®'>PPOrt at the 

onthis poin? ™ Regulations are lenient 

arf reprel^ntet^T^^S^® pole-top fittings illustrated 

suggest shown in Pi® lo^ which we 

over others enumeSted to ^p^r 
1 " spi^isS. » represented by Pl|, 21 fa 

pole is ~iKenSX l<S^S “* 

ffiviTUT o ^ vaxiation of Fis 22 

^ tipped triangular spacing* but thi«3 -KrT^^ 1 ^* 
struction is more difficult tn out tlus type of con- 

nlUltp than thnt irfKs 18*^ ^ ^ Senernl 

pSiW IJ'S'nJe.th'S^T*^* “ 

to the cross-arm anH -n ^ ^ 3 't right angles 

eSreen.XSsTtlSilS?”””!?*™'”'^*- 

vided the str^ ““^“ry. Pro- 

Strong. ^ single cross-arm are sufficiently 

»stsrssit?tT »• 

mended in the oaSrit i« n». - “ “® 

Where then?fuifiinH T^ 

auger for digging the holes of using a maclune 

Has been snSd+L^lf ' negatived. It 

#epW inS planted 1 ft 

entirely oh the ground in whieh°*tte depends 

plahted. We would ««+ which the poles are to be 
•accept^ geperaUv suggest that this could be 


the design of a distribution system in a rural area.' 

h <a -n A . 1 • . I _____ 


Lo^Umion Construction.—ho^^-teasion overhead liuf 

pr 2 tice**Md'tr^‘‘*^V®‘^P““® standardized in genera] 
P I and the construction shown in Fitr 29 le "K/a* 

“tSl ’IfTumbull^ays that Sf 

ns^ arsSShSiS^rd' s^:iii^gg^p.-;r^i 

forcSTto rffiort'tf’'junction-poles, one is 

rarely merSfh Tu I. . are 

advantage of *th s fwork we fail to see the 
not thA^f *ype of construction. It also has 

iron has. ^ taking off services that a " D " 

variltiOT thJ" D'MSifc? ^ improved 

maf 

hous« aU the hues are at the backs of the 

Substations.—The substation designs indicated in +1 ia 

Wer typ„ „( oo„,t„«i<,.^rr“ 8 SS 

proved to be nf ^1*^ 26 have 

^culty of wfffity "rSliz^TL? £ 

i* « >Ath« coi be dSreTbut ™ 

> smell lo«l „ 5-15 IVA it sS! 

a^anted the more expensive pull-down tvne tt,» 

2^mdonbtedTy°£r£i'SSr 

improvement “<^®ator. This is an undoubted 

-to tb. .ppaiPte i, to b. emp^” f" 

iCT,^ 1^ d^T^“5“*‘»y‘towtotoiy 

d- 

SS o,r •“ tto phiZ " 

■ssS. “.'■ 50 , 52^5 2 tto T"”" 

amomit ol pret.t«„ i : 
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We were interested to learn from Mr. Coates that the 
cost of these switches is comparable with that of oil 
switch-fuses. We realized that the main disadvantage 
of fuses IS that they require more or less skilled persons 
to r^lace them. On the other hand it must be remem- 
they do not blow out unless something 
radically wrong has happened, such as would necessitate 
the presence of a skilled man. 

There is a certain amount of disagreement as to 
whether the h.t. side of transformers should be fused 
Mr. H. W. Taylor, Mr. Turnbull, Mr. Burton, and Mr. 
Siviour are definitely of the opinion that h.t. fuses to 
protect transformers are essential, while Mr. Phelps and 
Mr. Lisle deprecate their use. It is difficult to reconcile 
these conflicting opinions, but it appears to us that 
h.t. fuses are essential in nearly all cases for rural 
work. 

Mr. Lisle makes the interesting suggestion concerning 
the standardization of transformers that the idea of a 
transformer of a smaller size than 25 kVA should not be 
entertained, and that when the load grows another 
25’-k\A transformer should be added and worked in 
parallel. It would undoubtedly prove useful in certain 
areas to have one size of transformer, but it is doubtful 
whether the idea could be applied generally. 

We stated that transformers of over 50 kVA should be 
placed on the ground. Mr. Latham has placed 126-kVA 
transformers on a pole platform: here again this type of 
construction may prove successful in particular circum¬ 
stances, but generally we do not think it would prove 
satisfactory. 

Dr. and Mr. Ekstrom's Communication. 

The mathematical analysis of the problem of electrical 
transmission in sparsely populated areas is useful and 
instructive. The main difficulty, however, in approach¬ 
ing this problem is the uncertainty of practically all the 
constants. Consequently, after making a complete 
survey of an area and estimating, as accurately as one 
can, the likely electrical load and then designing the 
schemes on the lines laid down by Dr. Ekstrom, the very 
first thing that would happen would be an enormous load 
development where, it was least expected, and the 
economies he anticipates from the tapering of the con¬ 
ductor size would be seriously miscalculated. The 
main difficulty that we foresee in starting off with a large- 
diameter conductor and tapering down as the line goes 
to the outskirts, is the variety of size of pole and the 
variety of span length that will be needed. This, of 
course, would increase erection costs enormously. One 
point to remember is that in the United Kingdom great 
care is always taken to utilize the most economic spans 
for the conductor oh wooden pole construction^ whereas 
in most other countries where timber is cheap this is not 
so evident. Abroad, use is made of two or perhaps three 
standard sizes of poles. They do not depart from these 
standards, nor as a rule from the length of span; and on 
these poles they string whatever conductor they wish- 
in some cases irrespective of what the pole will really 
stand. Dr. Eksirom's scheme would be quite satis¬ 
factory for a uniform span> where a uniform pole could be 
used and where the only variation would be the size of 
conductor, but we do jnpt think a lay-out on his lines 
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would be cheaper than the usual practice now. followed 
in this country. 

Capital Costs. 

The tables on page 226, in which the capital expendi¬ 
ture is set out, give costs of overhead lines and equipment 
on the basis of copper at £65 per ton. For this paper 
to be of use one must vary costs to suit local conditions. 
The costs of h.t. lines in the paper must not be compared 
with the costs of short lengths of line erected over 
particularly bad country in particularly bad weather. 
Mr. Matthews and Mr. Coates have given particulars of 
some very cheap lines. Such costs are apt to be very 
misleading. Price must be qualified by the line pressure, 
conductor size, type of support, and the Regulations to 
which the line is designed and erected. Again, the cost 
of erecting lines in a highly developed country like the 
United Kingdom is quite a different matter from that 
associated with the erection of lines in a new and unde¬ 
veloped country. From the discussion it can be con¬ 
cluded that the majority of speakers regard the costs in 
the schedule as reasonable. 

Our figure of £2 per overhead service is perhaps the 
most often criticized item. It includes only a loop-in 
from the l.t. pole to the consumer's premises, and this 
estimate includes insulators, bracket, one insulated service 
wire, and one bare neutral, leading-in tube, meter board, 
and fuse. It is assumed that a number of consumers in 
terraced houses may be connected from one service, 
^at might be termed a long service line is not included 
in this figure as it is amply covei*ed in the l.t. distribution 
costs. 

We have found that the estimates for substation 
equipment, etc., are on our further revision quite 
reasonable. The large increase in cost of a 76-kVA 
installation over a 60-kVA installation is entirely due to 
the fact that at the former size we have allowed for three 
sets of switches as shown in Fig. 27, and that the low- 
te^ion arrangements permit of more than one circuit 
bemg taken off. As it is essential to have sectionalizing 
switches at suitable intervals in the network, these have 
been arranged for at points where loads of 75 kVA and 
above are estimated to be available. This can only be 
regarded as a method of allocation adopted as a pre¬ 
cautionary means of including all necessary apparatus 
for the Model Scheme. 

Mr, Hill points out that no allowance has been made 
for Post Office and railway crossings, but it should be 
noted that a sum of £11 730 has been allowed for 8 miles* 
of h.t. cable. This will only be used in short lengths, 
chiefly at the entrance to large villages and awkward 
railway and Post Office crossings. 

Revenue Account Expenses. 

A considerable amount of criticism has been levelled 
at the ** expenses ” side of the revenue account shown on 
page 227. As to the cost of electricity purchased, we 
have indicated that the cost, taken at £3 5s. per kW at 
power factors between 0*8 and 0*9 and at 0*20d. per 
unit, was simply an estimate based upon what should 
shortly be the cost of production at our large power 
stations where, with 90 per cent of plant in use, costs 
at £2 6s. per kW ahdO-HOd. per unit should notbeun- 
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witb a smaU margin added for the Board’s main 
wm The cost of bulk supply 

... hope and expect that we have struck 

are inclined to 

S references to con- 

at U 7s. 6d. + 0-22d. and £6 5s. 4- 0.22d 

for* ^ temporaxy nature and 

due for further mvestigation, or perhaps they apply 
where con^taons axe somewhat extraordinaxy. ^e^Le 
tte more disposed to think that one or Se other or 

tw because Mr. Scott observes 

t^t he IS amused at the criticism of the bulk suoolv 

idS^tt th?^ had a quotation aWt , 

Identical with the figures quoted in the paper. Mr. Clegg | 


whether the figures taken for distribution expenses dnd 
ma^ement are sufficient. Mr. Qegg says that ^e dis- 
tnbuhon costs are lower than those prevailing in town 
supphes. Mr. Purse gives a set of figures derived from 
the Commissioners’ Electricity Returns for 1930-1931 
exited by him to prove that we are completely wide 
I of the mark in our estimates of distribution and manage¬ 
ment ^^nses. Unfortunately, however, for the careful 
presentation of fact for which he is entitled to credit, he 
has oimtted to ^ocate management expenses between 
generationjmd distribution, and appears to have had no 
regard to the mtensity of development as indiVated by 
the most important factor derived from the number of 
^ts sold per f of capital expenditure. This is regret¬ 
table and we hope that Table B wiU help to eUminate the 


Table B. 


Cort 0 / ^ " Management ” {being Items 2 and 2 on Page 227) for the Year 1929-1930 

(Cost of Electricity, Interest and _ ^ . 


Eastbourne .. 

Heston 

West Hartlepool 
Grimsby 
Swindon 
Gravesend ,. 

Model Scheme, 3rd year 
Model Scheme, 6th year 


£ 

440 069 
378 772 
236 371 
302 060 
236 666 
201 691 

264 440 
300 500 


g 1 Units sold 

1 for local 
distribution 

Revenue 

kWh 

£ 

15 124 

109 365 

16 201 

102 984 

16 534 

81 248 

16 443 

93 029 

15 728 

94 778 

16 342 

74 882 

6 204 

52 470 

16 678 

95 900 


Revenue 
per unit 
sold 


Distri- 

bution 

expenses 


£ 

4 843 

10 961 

11 376 
8 601 

• 6 066 
2 429 


Manage- 
ment (dis¬ 
tribution 
only) 


£ 

10 744 
4 936 

3 966 
7 668 

4 170 
3 007 


Total Units sold Distribu- 
distribu- costs 

tion costs oistnbution per unit 


^ kW/£ d. 

16 687 34 0-247 

16 887 43 0-236 

16 341 70 0-223 

16 069 64 0-234 

10 236 66 0*166 

5 436 81 0-0798 


he can agree with £3-26 he is 
afraid the figure of 0'2d. is a little lower than mne* 
engmeers can anticipate. If the supply industry is to 

expenses of distribution and management it 
^ ^eady been explained that in setting out our Mbdd 
£ o^tring our sieme eTth« on 

• area of distribution, under either a 

OE a 100,1 aattority, or alter^aSel? .TSS of 

ahow thatifris^ i^ revmmeside of this account to 
defiH+?K ■ ^ matter of meeting the first 2 or 3 yeais’ 

loan_an evervdan ’ 7 and the return of the 

—a« everyday transaction, Mr. Ellis doubts 


f^e imp^ion he has unthinkingly given. The condi 
“iJo^S:" Scheln'eJperates 

It wifi be seen from Table B that in the Modal 
&heme ^e expenses per unit taken for the two^oain 
Items under consideration are ample, and^tt^th^ 
ofae^°’^ ^ sixth year is somewhat short of the average 
o the p^culax undertakings chosen by Mr Purse 
M a result of our investigations we axe coi^dent Sit if 

brated’T^i^W^'^anTSa ^ 

j 1 * o » • diUu With. tibl6 S3»m6 mteusitir r»*F 

''Rents, rates, and taxes” Mr 

P^ks does not think that the IJ per cekeapit^Spen^ 

He ref^toIhritero^S'^Srpf 

insufficient and cites the mSs^ J^ TiS^Sm 

nf Tra _P°^® J'lsotals axe determined by the Ministrv 

»«>> ««« to Overheod Itoe l«y<»t 
we axe still convmced that, apart from the venarj.! 

topensto of obtoitoos to.™ to to, root. 
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and fence repairs which we have included in our State¬ 
ment of Capital Expenditure, the annual rentals should 
not and will not, under careful supervision and the 
empl 63 mient of good wayleave officers with local know¬ 
ledge, be greater than the amount included, of Is. 3 d. 
per pole on the average. We have seen records of 
initial costs of £6 per mile and annual pole rentals of 
very little over Is. per pole over wide areas. 

Mr. Barrett thinks that assessments, presumably in 
rural areas, will reach nearly 15 per cent of gross 
receipts, and the rates 13s. 4d. in the £ (of the assess¬ 
ment). Actual costs of operation do not confirm this 
pessimistic view. A reference to the Ministry of Health's 
returns shows, that a rate of 10 s. in the £ is nearer the 
average rate than 13s. ,4d. in rural areas, and on the basis 
of per cent on gross income for assessment purposes— 
which we consider nearer the mark and worth fighting 
for—the figure for rents, rates, and taxes given as 
£4 440 ( 6 th year) is fairly sound. It may be slightly on 
the low side, but not much. Assessments are not, it 
must be remembered, based solely on gross income, the 
item of initial cost being also an important factor. 

Turning to the question of capital charges, we wish to 
thank Mr. Bolton for drawing attention to our figure of 
3 per cent for depreciation if taken on a 20-year fund 
bearing interest at 3*5 per cent. The period of repay¬ 
ment would be about- 22 j years, and not 20 , as given. 
We can say, however, that 3 per cent is generally 
accepted as safe for the class of equipment under 
oonsideration. 

Mr. Bentham and Mr. Siviour ask where in our accounts 
we have provided the capital and shown the expenses 
^d income connected with the necessary and most 
important matter of assisted and rental wiring of dwel¬ 
lings and the provision of apparatus. We have not done 
so as we felt it would greatly complicate the accounts 
presented, and we were aware that a separate account 
must be kept under these headings and should and can 
be made to balance. We admit that we should have 
referred to this subject. In this connection we would say 
in answer to Mr. H. S. EUis that part of the salary of the 
sales engineer in the 6 th year would rightly be debited 
to this account, and the sum of £520 in the final year for 
Publicity would be a fair apportionment. 

Demand and Itevenue, 

The criticism directed against, the revenue to be 
expected, as shown on the revenue side of the account, 
may be placed under the headings of:— 

{a) The rate at which coimections have been assumed 
to be made over the period of 6 years (see Fig. 4 ). 

( 6 ) The rate of increase in revenue per consumer 
(see Table 16 b) . 

(c) The number of units sold per consumer, and the 
reveriue per unit assumed (see Fig. 9) . 

In no part of the paper do we feel more sure of our 
ground than on this point, as it is; based on fact and on 
the experience of those engaged on the actual work of 
development. To this Statenient must be added the 
further remark that very few, if any, undertakings as 
yet contain at one and the same time all the ingredients 
for successful results that are referred to as being the sine 
for the Model Schem^^^ further referred to on 


page 192. The reasoning in the paper is, we think, quite 
logical. Starting with Fig. 4, the rate of connections 
there shown is the outcome of the considered opinion of 
engineers with long practical experience in rural work, 
coupled with some judgment on our part as to the effect 
of offering assisted or hired wiring and admitting all the 
essentials referred to. Turning to the revenue to be 
expected, the number of units sold and the price per unit 
were based on the 221 returns analysed in Table 7 and 
Fig. 9. It will be found that the revenues per consumer 
adopted for the Model Scheme in Table 16b are based on 
the fomula 1 140d./(Units sold) -f 0*73d., on which the 
curve in Fig. 9 is constructed. 

Certain members refer to Tables 11 and 12 and ask 
whether these figures represent returns which maybe 
I expected in rural districts- The answer is No, not on 
the average." We produced them for the purpose of 
indicating what large sales may be effected when 
electricity can be offered at the prices shown. 

On the one hand Mr. Bentham thinks we have greatly 
over-rated the revenue to be expected under the condi¬ 
tions laid down. Mr. Elliott endorses this view by 
saying that we are too optimistic as regards domestic 
consumption. 

On the other hand Mr. Long says that his experience 
is that after 3 or 4 years he is getting sufficient income 
to cover outlay and all expenses from widespread rural 
areas surrounding Norwich. Mr. Scott gives instances 
of highly successful development, one with an average 
revenue of £7 9s. per consumer at a price of 2*446d.per 
unit sold, the load factor being 25 per cent with 63 per 
cent of premises connected, and the results being obtained 
in the 6 th year. Mr, Joseph thinks we have based our 
demand on loads which are much too light, while Mr. 
H. S. Ellis thinlrs our revenues, which he recognizes are 
based on actual results, do not appear to be very different 
from what he has been accustomed to. It may, there¬ 
fore, from this brief survey be said that in our estimates 
of revenue the honours lie with us. In any event, 
whether the units sold per consumer ^e slightly greater 
in quantity and lower in price or are lower in quantity 
and higher in price, the revenues will remain substantially 
as given in the Model Scheme. An ounce of fact is worth 
a ton of estimating, and although we are unable to give 
full figures, it is hoped that particulars of the actual 
results obtained to date in the areas of the two Demon¬ 
stration Schemes will be included in the forthcoming 
Annual Report of the Electricity Commissioners. Su£&ce 
it to say that^ after an average period of availability of 
supply of 24 months to the villages within the area, 
about 50 per cent of the inhabited dwellings are now 
connected, 

Mr. Perks raises an inlteresting point when referring to 
our conclusion (see page 203) " that any drop in the charge 
per unit to consumers results in an increase of revenue." 
He assumes that we are referring to net revenue, i.e. 
the revenue after satisfying interest and depreciation 
and other charges on capital cost. He then endeavours 
to show by means of curves that our conclusion is 
wrong, arguing that increase of load tends to give a 
worse financial result. In the first place our statement 
refers to gross revenue and is conclusively supported by 
to., Phillips, where he gives an instance—one among 
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^y—that a reduction in tariff is accompanied not onlv 

mind making our statement we^ad^in 

a well-eqmpped transmission and distribution 
system of capacity well in advance of eSt£g «qu^ 

Won alre^y subject to fuU interest and deprecia- 

nSicSTmS’ "!. **rthe? con- 

"tXsTand 7? 

S^it bTtte'?'^'* fully undemtood him. buThTe^dintiy 

Sr u^f" ?veS“ m?"*" and a few 

, *®® f*® expanded if diminishing dividends or 

turn on capital is permanently to be the result? 

Spotadio D^velopfuent, I 

tt*® '^® emphasized the 
io /-a of preparing a complete scheme. Whether it 

Ss^? thatli."' “ “°t Of great momenTS Is 

from a carSSl^fd'^^r’" ®f'®uld be prepared 

thaT^r Sf^ fPt®t®®"’^®y- Phillips says 

t>«..i - projects, we appreciate and aeree to Mr 
Perks's suggestion that some factor of wealKsn a!?' 

area. W?^ tlS'S‘"S‘ *” * mtonoked , 

" standar.^ t*®®® of population and relate it to some t 

•“ubT^ '"i"' °' «>' ll»y M 

P» W. ere 2 


«r *^*t “ T®hle 10 this might be taken to yield 

in IsnJT ^ the f20-£26 there estimated. The aLal 

m rec^JdS''1‘l7“v®®tigation therein 
recorded. £11-1 per annum. We can only repeat that 

a- ^stom^oflo^d* *o the 

0- STri? T consumer with so many 

lil ®*'®®tmg the usually needed spur 

i Jf® and teai^former. etc.) that he has no money left to 

y use&l to ®°“*“'^® tjuying it in quantities 

J We have referred 

fu^er to this matter under the heading of " Spur lines " 

“ seen iTTm “ will be 

11 be sold tf fltt’ ^^^‘“^'t®*! that the units which could 
V ■ ?or i M®'^®! Scheme would be 

r 7-2^m^Ho*'^ and industrial use respectively. 9-6 and 
* ^ We consider that the proportion of 

industrial units talcen represents a cautious Estimate 

SSs'nSr? contained in the Commis- 

ion®re pubhcations. Our omission to include revenue 
' for street hghting is referred to by several sn^W 

i usedTn ®l®®tricity is more extensively 

,wrd ^ ^ ^ than we had thought. We did not 

“®lude it as a separate item, chiefly because it would have 
load complicated the Model Scheme. This type of 

®®rtainly be sSgh? 
Sat Se^lea overhead line Jnductoif is 

• j;: 

reiteraite that we feel that tire 
Mod^*Q®^°'^ revenue side of the account for the 

S21h!v ’^®®“ succi^and 

that they may be accepted with confidence. 

Conclusion. 

We feel particularly indebted to tlie very able and con- 

TiiP+A areas. Their remarks form a most coni- 

prooosaS^Md^*^^7^^^®®*‘ ^® ®®^f“l analysis of the 
pro^s^ and conclusions at which we arrive has we 

subStS^k^K® f®®* the 

^ject of tariffs, shows how much wider is the issue than 
^^of rural work. We cannot conclude withoS 

S' * X ***®*’' “°®* ^^*® electrical analysis of 

S S f T selectiorand 

to ^pt. I^es for his contribution on the econonflcs of 
plant i^rovMion. the latter a matter not brought toto the 
^scussron but of intense interest to us SHo douSt to 
other membeis engaged in rural development 
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DISCUSSION ON 

"DIELECTRIC PHENOMENA AT HIGH VOLTAGES.”* 

North Midland Centre, at Leeds, 8th December, 1931. 


Prof. E. L. E. Wheatcroft: T think we shaU under- 
stand the subject of the breakdown of air better when we 
know more of the conditions of the ionization which occurs 
in the ah. Although we know little at present about the 
mechanism of air breakdown, one of the facts which we 
have regarded as definitely established is illustrated in 
Fig. 1. This illustration was produced for quite a 
different purpose from that of explanation, and I have 
therefore extracted the essential parts of it for that 
purpose and incorporated them in Fig. E. This shows 
the characteristics of the breakdown of a spliere-plane 
gap. The curve OPR gives the breakdown voltage for 
a sphere of 26 cm radius, and the curve OPQ the voltage 
at which corona first appears. It is seen that in the 
range OP the formation of corona is immediately 
followed by breakdown, whereas in the range PQ-PR 
corona forms at a lower voltage than that required for 
breakdown. This has always been explained by assum¬ 
ing that corona tends to enlarge the effective radius of 
the sphere. If the centre of the sphere be kept fixed, 
enlarging the radius brings into play two opposite effects. 
The one is to reduce the length of the gap, and this tends 
to encourage breakdown; the other is to reduce the 
concentration of lines at the surface of the sphere, due 
to the larger effective radius. The region OP of Fig. E 
is that where the first effect is preponderant and break¬ 
down is encouraged by the formation of corona; in 
the region PQR the second effect is preponderant and 
the breakdown voltage is raised by the increase of 
effective radius. Following Peek'sj* formula for voltage 
gradient between two equal spheres, it is possible to 
calculate the critical spacing for a given radius. The 
unstable condition is found to occur if the spacing is 
less than twice the radius of the spheres. On the 
analogy of this result for two equal spheres, we should 
expect the critical spacing for sphere and plane to be 
equal to the radius of the sphere. The critical voltage 
found by the authors is indicated by the point P (Fig. E) 
for a 26-cm sphere, and by the point R for a 60-cm sphere. 
In both cases the critical spacing is 4 times as large as 
we should expect from Peek's formula. The discre¬ 
pancy might be due to the fact that the plane was small 
compared with the infinite plane demanded by theory, 
but in that case we should have expected a greater 
discrepancy at larger spacing and larger sphere dia¬ 
meters, whereas the ratio 4 :1 seems to be fairly constant 
throughout all the results obtained by the authors. 
The most interesting part of the paper is the exposition 
of the theory of thermal breakdown. We have already 
discussed the difficulties involved in the usual over¬ 
voltage test, and we now find it possible on the thermal 
theory to correlate expected breakdown voltages with 

vpl L. GooDMtt, F. S. Edwaj^s, and F. R. Pbrry (see 

t'‘Aieiectric Phengmena in Hifh-Volta^ Engineering,” chap. 2 . 

Yol. 71. 


the results of inexpensive tests of dielectric losses. It 
would have been interesting to have had more experi¬ 
mental confirmation of the theory of thermal break¬ 
down. This subject is dealt with in detail by Joffe, 
and I propose to show as lantern slides three diagrams 
from his book.J The first slide, reproduced from 
Figs. 48 and 60, gives the circuit to which a crystalline 
dielectric is equivalent, and the expected variation of 
dielectric power factors with frequency. According to 
Joff6, figures for glass and paraffined paper agree well 
with such a curve. The next slide, reproducing Fig. 53 
of the book, shows the variation of breakdown voltage 



Fig. E. 

and resistivity with temperature for two kinds of glass. 
According to theory, log(F)2 and logp should both 
give straight lines when plotted against l/T; the slope 
of the (logp) line should be slightly greater than that of 
the log (7)^ line; and the difference [log(7)^ — logpj 
should be the same for two different kinds of glass. All 
these points are confirmed in the results quoted bv 
Joff6. 

Mr, B. D. Youatt: It is interesting to note that 
Fig. 1 shows a constant ratio of about 3 • 7 between the 
critical gap and the radius of the sphere in a sphere- 
plane gap. The curve for the point-plane gap follows 
the critical spacings for the sphere-plane gaps, and it 
is consequently easy to determine the critical gap and 
voltage for spheres of any size. The radius of the sphere 
multiplied by 3*7 gives the critical gap, and the break¬ 
down voltage of that gap (obtained from the point- 
plane curve) gives the critical voltage. The authors 
raise the question of electric wind and precipitation and 
couple this with the problem of the contamination of 
insulator surfaces^ Some defibuite data regarding this 
question would be of real value. As regards their 
photo^aph§ of some insulators after exposure to a 
polluted atmosphere, a more definite test is to place 

“ The Physics of Crystals,* ’ chaps. 14,15. 

Not ceptoduced in Uie Journal. 
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similar insulators—some at a potential, others un¬ 
charged—in a fog chamber, where the conditions are 
controllable and can be kept reasonably constant. 
Comparisons of the weight and nature of the deposit 
indicate definitely the influence of the electrostatic 
field. The authors refer to the deterioration of the 
electric strength of air in confined air spaces. A very 
important instance of this arises in coimection with the 
thin film of air between two dielectrics, e.g. 
and varnish-paper, in a bushing insulator. Ther e is 
often very poor adhesion and one naturally assumes that 
such a film of air exists. This thin film is stressed both 
radially and axially. The dimensions of bushings are 
usually based on the wet and dry flash-over charac- 
tenstira of the outside porcelain surfaces. Assumine 
that the thin film of air has poor dielectric qualities on 
account of the fact that it is closely confined the break 
dwn volt^e for the bushing wiU depend on the electric 

sriength of that air and not of the air outside. Further 

the fact ttot the bushing has associated with it a radial 

reduce the electric 
^ to toe quesS 

of the breakdown voltage of oil, the authors remark 
on the fact tliat the discharge voltage goes up with 

of thM. Peek noticed a similar effect and sureested 

2 **'® “ insulation reriftance 

^ increase of temperature, which would 1 
result in more even stressing of the oil and thus increase 

chariSS rJ?®®' ^^®“ tovestigating surface dis- 
authors made an attempt to measure the 

2|te^“P;Si? Wa'w lnt^5!"a2 I 

two lantern sUdeslTh^ slif^'J *^,^®''® exhibited is 

insulator flashiJ^o^S^S ^ 

voltages respectively and iri/2^^1 impulse bi 

tendencyfo/theim^lsric^ 

insulator. Do the^authr^rc 

teristic is due to the hivh -f that this charac- th 

nearly always present at in 

Thispreference®fo?2it2l^e ? nil 

fmfece of the insulator^r^^^®v°,^®^ to foUow the nn 
m another case where a surface demonstrated no 

- 

etectac win bre^ do^ *4-2^ is exceeded the di- to^ 

nection with the nieclScaft^-^ an analogy in con- elec 

p.«» I s 


un- stress is exceeded, in spite of the fact thatit is well km avu 
are that the ultimate streas is altered by temperature eon 
ant. ditions; the same should apply in the case of dieleefrii 

)osit Further, a good deal of work is Ixnng done at juesem 

atic on the mechanical fatigue strength of materials, aii<l 
the although the implications are not tliorouglilv umlii- 
stood, there is no suggestion that we shaul.'l lU-part 
the from the original simple theory' that stresses ahox e .1 
md cmtain value will cause breakdown. 1 suggest that the 
! 18 theory at present held regarding dielectrics should h.- 
hat worked to in spite of the fact that wo fimi variations 
oth of temperature, and alternating voltages give resuH ; 
me which do not entirely confirm it. In the t-quatious 

m- which the authors quote in attempting to d.-velop a 

mg ^e^ theory of breakdown, particularlv in that .hie 

««b.stit«ting for one finds 
that the breakdown voltage varies inversely with the 
2.® to®^ii®hcy. If the frequencv' is made 
zero, to represent the case of direct current, the criti. .,l 

S therefore conclutles that 

^ high-tension transmission should ho bv means „l 
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niathematical investigation of electrical breakdown in 
"oacuo and in gases at low pressures being extended to 
dielectrics, and thence to the breakdown of 
Solid dielectrics? Is the electrical strength of a solid 
aielectric affected by the presence of any of the several 
types of mechanical stress? The authors showed a sUde 
a flash-over occurring in an air-gap of which one 
Electrode consisted of a cylinder with a sharp edge, 
and they point out that as a result of the presence of the 
Sharp edge the flash-over prefers to take a path which 
increases the air-gap to approximately twice 
^ ® actual value. It seems to me that this striking effect 
should be capable of considerable application in switch- 
gear design. In the section dealing with high-frequency 
breakdown the authors state that they use a Tesla coil 
producing the high-frequency voltages; are other 
J^ettiods used for this purpose, and are they not pre- 
f oi a.*ble to the Tesla coil? The question of high-frequency 
^ireakdown appears to be bound up with the subject of 
ooundary conditions in electrical phenomena. The 
^■fcxidy of boundary conditions is becoming increasingly 
i niportant in both ph 3 rsics and chemistry, and I should 
lilce to know whetlier the authors consider that the 
«i:udy of the mechanism of electrical breakdown would 
niaterially assisted by concentrating on tliis question 
oJ: liigli-frequency breakdown and its general bearing on 
l>0‘uiidary conditions. 

^ 3Dr, H. C. Bowker: I was interested to see in the 
jpicture* showing the discharges obtained when using 
Tesla coil, that the discharge started by coming 
stziraiglit downwards from the sphere for a short distance 
(o.bont half the radius) and then branched ofiE at right 
SLngles, spreading out in all directions and eventually 
xoaching the earthed electrode. It was pointed out 
±0 me some time ago. that discharges of this shape often 
ooourred, and that the short, straight ''stem'* was 
^^l*ways associated with the negative electrode.f I 
wliould. like to ask whether the authors have observed 
connection between polarity and discharges of this 
Referring to Fig. 1, have the authors had any 
clifRculty in getting those parts of the curves which 
ooiiT’espond to the curve for the discharge from a 
j*>oint ? When I was obtaining similar curves myself 
j 4 ome years ago, I found that my results differed if I 
^^sod. a different transformer or if I put a resistance 
i tx series with the gap. The breakdown voltage seemed 
•fco vary •with the amount of preliminary, discharge, which 
have heated up the gas or the electrodes. Again 
i-oforring to Fig. 1, in connection with the first of the 
l^oouliar phenomena which the authors mention on 
698, I should like to draw attention to the fact 
bluett: halving the gap only reduces the breakdown voltage 
fjroxn about 800 to 700 kV for a 75-cm sphere. The \ 
jpjgtxadox remains, however, and I should be glad to 
whether the authors have any explanation of it. 

I ^xn interested in the decrease in the breakdown voltage 
3 ,jft:er sncc©ssive applications of the voltage, mentioned 
oatx page 701. I also have found that when successive 
^j>a.xk-overs take place in a gas occupying an enclosed 
^jpctoe this will oectir. I found that if I raised the 

L the Journal, 

fAi^vA, and R. Yamamoto : “ Experimental Studies on 
^Scientific Papers of the Institute of Physical 
Toj'S^o, 1980, vbl. 18, p. 207. 
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voltage very gently when near the spark-over voltage 
I could reach a higher value than what appeared to be 
the normal figure. The resulting spark was usually a 
very fat one, which seemed to heat up the spheres or 
gas. The. next reading was always low. By allowing 
a little more time and raising the voltage much more 
slowly, I was able to get fairly consistent readings. I 
alwa 3 rs noticed this irregularity when working at ordinary 
temperatures. When I was making tests at a high 
temperature I found that there was no possibility of 
getting an extea-high reading, nor could I get the 
extea-low reading. The results were much more con¬ 
sistent, and, of course, they were in agreement with 
the average readings at ordinary temperatures. 

Mr, R, M. Longman: It is fortunate that the electric 
strength of air, oil, and high-class insulators, is generally 
greater for impulse or high-frequency tests t ha n for 
the standard frequency of 50. It means that carrying 
out tests at a frequency of 60 gives one the comfortable 
feeling that for higher-frequency or surge conditions 
there is a much greater margin of safety. Whilst higher 
breakdown values are obtained both in air and in oil 
for spheres and planes than for the point-plane gap, 
there is unfortunately such a tendency to overlook 
points in the finished article that for safety the point- 
plane values must be adopted. The presence of a split 
pin, as I discovered recently, may alter the flash-over 
value very .considerably. I cannot agree with a previous 
speaker that the insertion of a knife-edge will probably 
add to the electric strength, for in general practice 
the reverse is, I think, the case. From Fig, 161 deduce 
that an insulator which may be quite satisfactory as a 
^nit without a central conductor passing 
through it, will have a much lower flash-over value if 
used with the same clearances but fitted with a central 
conductor, e.g: as a floor or wall insulator, or as a ter¬ 
minal insulator on a transformer. The effect of a 
conductor passing through an insulator also occurs in 
the tube-t 3 rpe current transformer, and it is interesting 
to apply a voltage to one of these in the dark and watch 
where the discharge occurs. I should think that under 
impulse tests it would be even , more interesting, I 
recently came across a porcelain bushing having a 
central conductor which was used at approsdmately 
20 kV in oil. It was of the ordinary bellied-t 5 q>e con¬ 
struction with centre fixing flange. The latter was 
filled with air, the slot in the end washer being at the 
bottom instead of the top, which eflectively kept the 
air in. In my opinion this arrangement was wrong, 
and I have therefore had it reversed and the air expelled. 
Regarding the breakdown of solid dielectrics (pages 716 
and 716), I am interested in the ^concept of thermal 
balance as expressed by Miles Walker. It is very 
si mi la r to that put forward by Mr. Law many years 
ago when he spoke of the life of electrical machinery 
as consisting of so many temperature-hours above a 
certain critical temperature. The life of an electrical 
machine depends on its insulation resistance, and if it 
is overheated either by dielectric stressing or by purely 
thermal stress, its life is seriously aflected. The authors 
refer (page 721) to the mechanism of real electrical 
breakdown of solids, but I think they are quite correct 
in dwelling so much upon thermal instability; after 
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all, have we in practice any perfect solid dielectrics ? 
Glass and porcelain are the ones which most nearly 
approach the ideal. We have to make the best of, and 
know the worst of, the solid insulating materials with 
which we have to work, and we are always hoping and 
striving for something better. As regards Tables 13 
and 14, may not the greater electric strength in oil be 
p^ly due to better heat conduction as well as to eli¬ 
mination of air.? The authors deal at some length with 
the electric strength of fibrous materials, pressboard, 
and bakelite. My own experience of the breakdowns 
of bakelite is that they are due without exception to 
faults in manufacture—either through the laying-on 
of the paper or the bakelized powder. In one case 
the bushing was built up on a sHghtly smaller-diameter 
rod, and this allowed small air spaces to be formed 
resulting in the failure of all the bushings made in that 
manner. In another case, after a breakdown a slight 
^paration was found between layers after about oL- 
eighth of the bakelite had been removed. The authors 
emphasize that it is of no use increasing the length of 
bushings ^thout regard to their thickness. Defers 
and those who specify terminals should bear tto in 
faSj' ^ procelain bushing is not satis- 
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voltage may therefore decrease with decreased radius 
of wire. 

Dr. Bowker’s remarks on breakdown in confined air 
spaces are very interesting. 

In reply to Mr. Ball, we have not investigated the 
effect of a directed air-blast on the spark-over voltage 
between electrodes in air. Nishi and Ishiguro* found 
that an appreciable increase in spark-over occurred due 
to am flow, the effect being more pronounced at low than 
at high frequencies. 

(6) Oil Breakdown at Large Spacings. In reply to 
Mr. Skinner’s query. Table 3 is correct. We regret that 
one of the points in Fig. 12 was mis-plotted. 

(c) Surface Discharges in Air and Oil. Mr. Longman’s 
remarks on the proportioning of bushings and the futility 
of increasing one dimension, say the length, without 
regard to the laws governing the behaviour of bushings, 
emphasize the need for a sound knowledge of the laws 
of surface discharge. 

{2) Phenomena with Impulsive, High-Frequency, and 
Continuous Voltages, 

We agree with Mr. Youatt that there is sometimes a 
tendency for an impulse spark to follow the surface of 
the insulator more closely than a 50-cycle spark, and 
that tMs may be due to liigh-frequency ripples at the peak 
of the impulse wave. Other causes, however, contribute 
to the appearance of the spark. The polarity of the 
impulse has an effect; a positive impulsive discharge 
takes tlie direct air path, while a negative impulse 
causes a discharge which clings more closely to the 
insulator, even when no high-frequency ripple is present 
in the wave. 

In reply to Mr. Evans, the Tesla coil is the most 
satisfactory method of producing damped high-frequency 
voltages. Equipment producing undamped oscillations 
is perhaps easier to work with, but does not correspond 
to service conditions.! 

The question of polarity does not, of course, arise in 
high-frequency damped oscillatory discharges. 

As Mr. Lonjgman remarks, it is very fortunate that 
the electric strength of air, oil, and solid insulation is 
generally greater for impulsive and high-frequency 
voltages than for 50-cycie voltages, because the voltages 
impressed as a result of lightning and switching dis¬ 
turbances are also higher, so that the true factor of 

safety is not increased as much as the test fibres indicate. 

(^) The Breakdown of Solid Dielectrics, 

In reply to Prof, Wheatcroft, on account of limitations 
of space we were unable to include as many experimental 
results as we should have wished, but Fig. 31 may be 
taken as t 3 q)ical of the correlation which exists between 

the power factor and breakdown voltage of varnish- 

paper tubes. 

We cannot agree with Mr. Youatt that there is any 
p of Physical and Chemical Research, Tohyo, Oct. 1929, 

1081, vol. 69, p. 1177. 


real analogy between mechanical and electrical break- 
down (see Appendix II). As stated in the paper (page 
716), there is some evidence that at low temperatures the 
form of the electric field plays a predominant part in 
determining the breakdown voltage, to the almost 
complete exclusion of effects such as time of stressing 
and temperature; but this ceases to be the case at higher 
temperatures. If we have understood Mr. Youatt aright, 
he suggests that we ought to obtain the same breakdown 
stress on a thick sample as on a thin one, i.e. the break- 
down-voltage/thickness curve should be a straight line 
through the origin of co-ordinates. This is rarely even 
approximately true for cold materials, however, and it 
ceases entirely to have any validity for hot materials. 
In fact, as equations (7) and (8) lead one to expect and 
experience proves, the breakdown-voltage/thickness curve 
departs very widely from a straight line through the 
origin. 

Mr. Youatt s statement that there is no suggestion that 
we should depart from the original simple theory of 
breakdown due to the stress exceeding a certain figure, 
is therefore hardly correct. Why, if the maximum- 
stress theory is correct, are d.c. breakdown figures 
sometimes two or three times as high as the pealc values 
of the corresponding 60-cycle a.c. breakdown figures? The 
same speaker's deduction from equation (6) is invalid as 
he assumes that is proportional to the frequency, 
which is not necessarily the case, particularly at very 
low frequencies, p^ is not zero, even with continuous 
voltages. Other factors also begin to operate with d.c. 
voltages which can be neglected in comparison with the 
much larger effects associated with alternating voltages,* 
Mr. Evans inquires regarding the effect of mechanical 
stress on electric breakdown. The breakdown strength 
of insulating material always decreases with increasing 
mechanical tension, the change being quite small until 
the material is damaged by the mechanical tensioUi 
when the decrease becomes more rapid. The tests 
specified in B.S.S. 419—1931 (" Varnished Gloth, Sheet 
Strip or Tape for Electrical Purposes") and B.S.S. 
137—1930 (" Porcelain Insulators for Overhead Power 
Lines ") recognize this fact. 

In quoting Mr. Law's statement that the life of elec¬ 
trical machinery consists of so many temperature-hours 
above a certain critical temperature, Mr. Longman 
seems to be confusing thermal stability and deterioration. 
This point has already been dealt with in our reply to 
Dr. Mller. f Nor do we agree that the life of an electrical 
machine depends on its insulation resistance, unless this 
term is being used in a much more general sense thnn its 
strict technical meaning warrants. Regarding Tables 
13 and 14, the greatly improved breakdown voltage of 
paper and pressboard after oil4mpregnation is attributed 
to the displacement of air, though no doubt the better 
heat conduction and heat capacity of oil have an effect 
on the tests at 60 cycles per sec. Under impulsive 
voltages, however, this explanation ceases to be tenable. 

* See 1931, vol. 69, p. 726, References 12-19. 

t Journal LB,E„ 1981, vol. 09, p. 1178. - ajf. 
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THE SELECTIVITY OF BROADCAST RECEIVERS. 

By Prof. C. L. Fortescue, O.B.E., M.A., Member. 

(Introdwtofry remarks to a Discussion before the Wireless Section, Mth February. 10.12.) 
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corresponding side-bands contribute. Since only the 
side-bands of a limited range produce audible results, it 
follows that only the interfering waves within this range 
will become audible (unless these waves include both 
carrier waves and side-lDands of an undesired programme). 
The greater the range of side-bands for which provision 
is made, therefore, the greater will be the range of 
interfering components also included. Is it not thus 
beyond question that the limit of selectivity of a broad¬ 
cast receiver is solely determined by the range of audible- 
frequency notes for which it is designed? And is not 
any denial of this tantamount to endowing the receiver 
with some imaginary quality enabling it to examine 
incoming waves of a given frequency and to say ** This 
one is mine, that is not ? 

(4) Are receivers as selective as possible?—T:hexe is a 
good deal of evidence that many receivers accept high- 
frequency energy over a far wider range of frequency 
than is necessary, with the result that they suffer from 
serious interference, both the side-bands and the carrier 
waves of transmissions on neighbouring frequencies 
being received and their programmes heard. Such 
leceivers are unbalanced in the sense that high-frequency 
components are received over a far wider range of 
frequency than is reproducible in the audio-frequency 
stages or in the loud-speaker. For instance, a receiver 
tuned to a high frequency of 10® (A = 300 m) may respond 
to the extent of perhaps 30 per cent to frequencies which 
are 60 000 above and below this central value, and yet 
.the loud-speaker may be limited to a frequency only 
just above 2 000. It would obviously be more satis¬ 
factory to limit the high-frequency range to 30 per cent 
at a departure of, say, 6 000 cycles per second from the 
central frequency. The needs of the loud-speaker could 
still be met and the energy received from other trans¬ 
missions would then be negligible. 

(6) TVhai is the best circuit arrangement for obtaining 
the necessary selectivity ?—The ideal high-frequency 
response curve would, no doubt, be a rectangle covering 
a range of 10 000 or 12 000 cycles per second on either 
side of the frequency of the carrier wave. But this can 
only be realized to within a few per cent by means of a 
complicated filter, which is both expensive and dijSicult 
to adjust ii provision is to be made for more than 
one wavelength. A two-coupled circuit with its double¬ 
humped response curve can be made to give a fair 
approximation, but it involves tuning two circuits and 
adjusting the coupling to give the best results. Some 
reaction may also be necessary. A single circuit of 


liigh decrement can easily be made to give practically 
a uniform response over the required frequency range, 
but, as already mentioned, is subject to unnecessary 
interference. There seems, therefore, to be no way of 
obtaining the ideal characteristic on the high-frequency 
side alone that is not open to objection. The simplest 
arrangement is undoubtedly the single resonant circuit, 
but when the decrement is sufficiently low to avoid 
interference by transmissions on adjacent wavelengths, 
the higher-frequency side-bands of its own programme 
are themselves seriously reduced. Audio-frequency 
correction in the same sense thus becomes necessary on 
account both of the high-frequency effects and of the 
characteristics of the loud-speaker. It may be reason¬ 
ably easy to accomplish one of these corrections without 
undue complication, but is it possible to compensate 
satisfactorily for both of them ? Alternatively, since the 
loud-speaker causes the most serious errors, is it not 
possible so to reduce the decrement of the high-frequency 
circuit that interference is relatively slight, and, in doing 
so, to reduce the high-frequency side-bands only to 
such an extent as will result in the errors being small 
compared with those of the loud-speaker ? This aspect 
of tlie selectivity problem thus seems to depend mainly 
on the loud-speaker. When its errors axe reduced, the 
correction for the shape of the resonance curve will be 
more important. 

(6) Can the average purchaser of a broadcast receiver 

be entrusted with a sharply^tuned high-frequency circuit ? _ 

This is a matter admitting of no mathematical treat¬ 
ment, and it is wholly outside the realms of any logical 
arpment known to me. The results of experience in 
this direction, not only of the users of expensive receivers 
but also of the much larger number of people who have the 
simpler and cheaper instruments, would be very valuable. 

(7) Would the general use of selective receivers enable 
the difference of wavelength between transmissions to be 
reduced P—Jn view of the facts set out above, it must be 
concluded that there are neither theoretical nor experi¬ 
mental grounds for any hopes in this direction. For 
rnorse signalling at hand speed, yesl for the range of 
side-bands for which provision is necessary is quite small. 
For broadcasting, however, the problem is different. 
Even the possibility of using only one side-band is not 
promising-^it complicates the correction, and the inser¬ 
tion of the carrier wave at the receiver is quite imprac¬ 
ticable. In fact, any tendency that may be observable 
is in the direction of a wider spacing in the frequency 
spectrum rather th^ the reverse. 


Discussion BEFORE the Wireless Section, 24th Februartt, 1932 


]V^. N• Ashbridge: Since the selectivity of receivers 
is closely associated with the performance of broadcast 
transmitters, the subject of selectivity is of great impor¬ 
tance to the British Broadcasting (:k>rporati^^^ The first 
question I wish to discuss is the demand for selective 
receivers oh the part of the public. We may divide the 
public into two classes r m the first class there are those 
who live in ah ^ea: of strong fibld strength of upwards, 
of 20 millivolts per metre, where selectivity is not par-, 
ticularly necessary bece^u.se vei’y little interference, from 


other sources is noticeable. In the second class there 
are those who live in an area where the signal strength 
is about 6 millivolts per metre, and who might reasonably 
expect good reception were it not for interference due 
to peaks of signal strength from a distant station at 
night. At times the two stations may be of equal 
field strength and only 9 kilocycles per sec. apart in 
frequency. It is often suggested that the B.B.C. ought 
to cut off the higher frequencies at the transmitter, 
from the effect that the adoption of this suggestion 
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curve caimot be guaranteed. A sounder procedure is to 
base all our . considerations on getting the best possible 
receiver, and to leave as a separate problem the selection 
of the best loud-speaker by suitable impedance matching. 
Again, according to Prof. Fortescue, strict mathematical 
logic implies that if a stray side-band from an unwanted 
transmission cuts into the band we are trying to receive, 
the results must be the same as if this wave had been a 
side-band of Idle desired transmission. I am not entirely 
convinced about this, because there is the difference that 
what we wish to receive consists of two side-bands, on 
each side of the carrier and having a definite phase- 
relation witii it, whereas the unwanted radiation consists 
of one side-band only, its carrier and other side-band 
being possibly cut out by the receiver. Therefore we 
cannot say that the stray side-band must necessarily 
be identical in behaviour with the wanted pair of side¬ 
bands. An interesting point in this. connection is the 
'' demodulation " effect, i.e. the fact that the modulation 
of the unwanted carrier tends to disappear when the 
signal strength of the latter has been reduced to not 
more than 1/100 of that of the wanted carrier. I have 
found by experiment that when a carrier 10 kilocycles 
per sec. from the desired transmission is reduced to 
1/300 or 1/400 of the signal strength of the wanted carrier, 
and the audio-frequencies are then reconstituted by 
means of a differentiating circuit, the grasshopper 
effect ** is reduced to very small dimensions. In a 
circuit of that land the actual carrier, the heterodyne 
10-kilocycle whistle, is reconstituted at full strength and 
has to be dealt with specially; but this presents little 
difficulty. I should like to press very strongly for the 
retention of frequencies above 6 000 cycles per sec. 
There is no doubt that anyone who has a keen (but not 
necessarily musically trained) ear and who is not deaf 
to those frequencies, soon learns to appreciate the 
difference between a transmission with them and one 
without. I find that even musical people are at first 
satisfied with transmissions which do not contain either 
these frequencies or those below 100 cycles per sec,, 
and which suffer from all sorts of defects. They sub¬ 
consciously supply what is missing and they also dispense 
with what ought not to be there. However, if such 
people hear in quick succession a good and a compara¬ 
tively poor transmission, they soon learn to notice the 
difference and become dissatisfied. In my opinion 8 000 
cycles per sec. is the lowest cut-off possible if first-class 
quality is to be obtained. Lastly, I should like to state 
that there may be difficulties as to the handling of 
ejdnremely selective sets by unskilled people. First, the 
mechanical difficulty of adjusting to exact tuning is 
merely a matter of gearing. Secondly, there is the diffi¬ 
culty of kno^ng when the set is correctly adjusted—a 
much more difficult problem. Receivers of the kind which 
r have been discussing, in which a super-selective circuit 
is followed by tone correction, give extraordinary results 
if there is any error in tuning. If the set is 200 cycles 
per sec. off tune, strong resonance is obtained at 200 
cycles per sec. and nothing at all at lower frequencies. 
It is therefore essential to provide some indicating device, 
so that the listener may tune in by adjusting until llie 
needle on the indicator goes up and comes back again, 
instead of relying on his own ear. ^ / 


Mr. F. S. Barton: With regard to the remarks which 
have been made as to the necessary frequency range, 
I should like to refer to some work carried out in the 
Bell Telephone Laboratories which has recently been 
published* in America. In these tests, while several 
experienced listeners were listening to an orchestra the 
low and high frequencies were cut off by varying amounts 
with filters. It was found that when a frequency range 
extending from 80 to 8 000 cycles per sec. was employed 
the listeners considered the reproduction to be 95 per 
cent perfect. The problem before the designer of a 
commercial radio-telephony channel is simpler than the 
broadcast problem, because the designer knows definitely 
what band he has to deal with and he has not to arrange 
the apparatus so that it may be operated by a layman. 
Further, he is not hampered by financial considerations, 
because increasing the cost of a cornmercial receiver 
by £60 only adds a trifle to the capital outlay on 
the whole channel, and if the more expensive receiver 
gives an improved performance it will soon show an 
economic return. The increasing congestion in the 
short-wave channel makes it necessary to use that 
channel as efficiently as possible, and this can best be 
done by means of stable transmitters and very selective 
receivers. At the Royal Aircraft Establishment at 
Famborough we are faced with the problem of obtaining 
short-wave communication for the Royal Air Force 
despite the inroads of commerce, and in order to solve 
this problem we are trying to design more selective 
receivers. Our ultimate object is to produce receivers 
suitable for aircraft work, but we usually approach an 
aircraft problem by first considering the same problem 
as applied to ground communications. Inspired by the 
work of the Post Office Research Station at Dollis Hill, 
we decided to investigate the possibilities of a super¬ 
heterodyne receiver with a band-pass filter in the inter- 
mediate-frequency amplifier. By a band-pass filter in 
the intermediate-frequency amplifier I mean a filter 
designed on the Campbell and Zobel theory and working 
between definite impedances, and not the arrangement 
of two coupled circuits arranged to maintain their 
coupling substantially constant over the tuning range, 
to which the term ** band-pass filter ” has been wrongly 
applied by the broadcast receiver manufacturer. While 
the latter arrangement is an improvement on a single 
circuit, and also on a coupled circuit with adjustable 
couphng, it is not a band-pass filter in the strict sense of 
the term. I cannot understand why band-pass filters 
have not been more used for radio frequencies, and I 
should be glad of information regarding the operating 
characteristics of this typo of filter. 

Mr. M. G. Scroggie: It may clarify our ideas on 
the subject 6f the relationship between selectivity and 
the desirable band of audio frequencies, to refer to three 
practical cases. In the first case the two transmissions 
are completely separated and the side-bands do not over¬ 
lap at all. It is uniyersally agreed that, at any rate 
in theory, it is possible to separate these transmissions 
completely in tlie receiver by using a perfect band-pass 
filter, in Ihe second case the side-bands overlap, and 
there seems still to be some controversy over the question 
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whether it is possible to obtain the whole band of fre¬ 
quencies due to one of the stations, at the fuU modulation 
without any heterod 3 me interference. In the third case 
the side-bands overlap the carrier waves; it is now I 
think generally agreed that it is impossible to receive 
one of these transmissions without interference except 
by losing some of the modulation. The orthod4 
position IS that complete separation is possible only in 
the first case, and, as Prof. Fortescue points out it is 
generally considered desirable to cover an audio-fre- 
quency bMd of 10 kfiocycles per sec., or preferably even 
more. IVhat I have great difficulty in understanding is 
how it IS possible to reconcile these aims with the un- 
^ frequencies of stations are at 

separated by 9 kilocycles per sec. 

It seems to me not very much use discussing, at length 
principles which can have no actual application to things 
as they are, but which can only be appUed in things i 
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precise q^iantitative definition of acoustic response is 
possible and that, in consec^uence, there is no satisfactory 
answer to Prof. Fortescue^s first question. My second 
point is more particularly concerned with transmission. 
I believe that, in view of the nature qf present-day 
broadcast transmissions. Prof. Fortescue^s rectangle is 
not the most desirable response characteristic for a 
receiver. Most microphones, including the condenser and 
carbon types used by the B.B.C., give a rising character¬ 
istic in the neighbourhood of 3 000 cycles per sec. In 
the case of condenser microphones this rise in response 
may amount to 12 decibels at 3 000 cycles per sec. as 
compared with the response at low frequencies, if the 
sound is normally incident on the diaphragm. For 
random incidence this '' top accentuation will not be 
so heavy, the corresponding rise in response for a con¬ 
denser microphone being about 7 decibels. As a result 
of some experience obtained in adjusting the response 
characteristic of a sensitive receiver, I am fairly certain 
that the present transmissions are in general too 
toppy,*' and that a receiver designed to have a flat 
• band-pass characteristic will be incorrectly adjusted 
for best results. I believe it is possible to cut out the 
higher frequencies without detriment to quality, and 
this is the only way in which the problem of lessening 
carrier-wave interference can be tackled. My only fear 
is that the B.B.C., realizing the situation, may suddenly 
decide to transmit on a flat response characteristic, in 
which case listeners would probably find their repro¬ 
duction lacking in '' top.” I hope that the B.B.C. will 
pursue their investigations into the subject of micro¬ 
phones, with a view to eliminating sound-field effect 
and producing an exact translating device, and that 
they will consider accentuating the upper frequencies so 
as to aid in the solution of the selectivity problem at 
the receiver. Turning to the question of the desirable 
frequency range in receivers,.! regard an upper limit of 
5 000 cycles per sec. as more practical than one of 
10 000 cycles per sec. Whatever is ideally desirable, we 
must face the realities of the situation; these are 
the present state of the ether and of public demand. 
If the public demands to listen to foreign stations— 
and a strengthening of this demand is a natural con¬ 
sequence of the increase in the field strength from 
these stations—the manufacturer is obliged to face 
the problem of removing the present conditions of 
severe interference. In actual fact the frequency 
separation between stations is not as great as 9 kilocycles 
per sec., since heterodyne notes of 3 000 cycles per sec. 
or less are often encountered. The only hope of solving 
the problem of heterod 3 me interference lies in increasing 
the strength of our own side-bands; the degree"of selec¬ 
tivity necessary to give correct response at the receiver 
will then at the same time reduce the level of interfering 
signals. With reference to ''grasshopper noises,the 
idea, mentioned by Mr. Turner, of reducing the effec¬ 
tive interference from the side-bands of a neighbouring 
station by cutting down the amplitude of the interfering 
signals at the detector stage and restoring the attenuated 
side-bands 6f the w;anted signals by audio-frequency 
distortion, is very importa^^ One midst, however, 
bear in iniiid that if the higher frequencies are removed 
before the detector stage, wheh^^ t^^^^ are restored the I 


ground noise at the detector will be accentuated. I 
should be interested to hear of any practical experience of 
this effect. If development is to proceed along the lines 
of this idea we shall have to consider all possible means 
of accentuating the upper frequencies after the detector 
stage, and this may prove to be an important considera¬ 
tion in loud-speaker design. It was interesting to hear 
Mr. Turner state that in comparing two systems with 
different cut-off frequencies it was necessary to present 
the two alternatives in quick succession, in order that 
the difference might be appreciated. This would indi¬ 
cate that the gain in quality of reproduction, was but a 
slight compensation for the resultant loss of selectivity, 
^d on this account manufacturers would be reluctant to 
increase the frequency range of their receivers. In my 
opinion we are not yet using to the best advantage the 
limited frequency range imposed by the present state 
of the ether. 

Dr, W. F, Rawlinson: Problems connected with the 
selectivity of broadcast receivers become ever more 
important as the number of high-power broadcasting 
stations increases. Comparisons of receivers and dis¬ 
cussion of their characteristics would be greatly facilitated 
if some definition of selectivity could be agreed upon. 
Prof, Fortescue^s two figures of merit do not appear, 
however, to cover the whole of the problem; in fact 
his figure (a) giving the area of the response curve as 
Compared with the ideal appears to haye no definite 
meaning. Assuming the receiver under consideration to 
give a somewhat peaked curve; at what point does he 
.propose to make the height of the ideal curve equal to 
that of the actual curve ? This point, which will obviously 
decide the relative areas, can be varied at will. A better 
way of aiming at such a figure of merit would be to 
construct an ideal curve of rectangular form having as 
base a frequency range of 60 to 10 000 cycles per sec., 
and an area equal to that of the actual curve of the 
receiver between the limits of zero and 20 000 cycles per 
sec. (Anything above the latter frequency would be 
inaudible.) Counting the actual area of the receiver 
curve which lies within the ideal curve as positive, all 
areas of the receiver curve which lie outside as negative, 
and any area of the ideal curve not filled by the actual 
curve as negative; the ratio of the algebraic sum of 
these areas to the area of the ideal curve would be the 
figure of merit for the response curve as a whole. Prof. 
Fortescue's proposals will only give the low-frequency 
response curve of the receiver, and this has little to do 
with the selectivity. For instance, a receiver with no 
high-frequency circuit at all, but having a simple detector 
resistance coupled to the aerial and a band-pass low- 
frequency filter with a sharp cut-off at 60 and 10 000 
cycles per sec., would give perfect results according to 
Prof. Fqrtescue's two figures of merit; yet it would be 
hopelessly unselective. The measurement of the sound- 
intensity output for a given high-frequency input may 
give a figure of merit applicable to the case of ordinary- 
type receivers used in or hear London, but it is not of 
so much value for receivers to be used at a distance from 
a highrpower local station. From aural observation on 
the South Coa.st it appears that the signals from 
Mfihlacker ^e often To to 100 times as strong as those 
frCin London Regional^ and at such times it is the shape 



1U« 


^ yESCUE: THE SELEC T IVITY OF BROADCAST RECER'IERS: DISCUSSION. 

InrV. X. __ i ^___ 


hlrln* lugh-frequency resonance curve outside the ideal 
arg Moct/t Unless the-attenuS 

^ ^ ^ carrier frequency is 

band^of^^ receive the carrier and one sfde- 

ar^ef+ ^wanted station, and these will be received 

tLtion I programme of the wanted 

audio-frequency correction wiU get 

ven -with the modifications suggested. A receiver 
which cut down to 30 per cent at 6 000 cycles per sec 

SsV^f““si<i®red satisfactory on the 
bMis of the proposed figures of merit, yet it might 

fugaeste7 condition of receptfon 

Witt the Mvh7' selectivity must be associated 

i»igh;frequency part of the receiver, to which 
any fibres of merit must apply. The following is a 

merit. Pbt the 

gh-frequency resonance curve of the receiver for a 
^ntmuous-wave input of constant amplitude at various 
frequencies. Measure the actual area^wittin a b^d S 

rTce1v« i^wr’" r- f fraqaancy to which the 
area o? a rectangle of the same 

mean P®’^ ®®®- about the 

mem frequency. The first figure of merit («) depends 

ttemM™^*?!™ departure of the actual curve ^from 
tte mean height, i.e. the height of the rectangle If tS 

^ output. The second figure of 

to tte hSTnf height of the rectangle 

cirH»o^ height of the actual resonance curve at 9 000 
ii«H Por sec. from tte mean frequency. For receivers 

® he good 

nough, but for receivers used on the South Coast this 
fi^re should be of the order of 1 000. Experience shows 
t^t moderate quality free from interfere^is preferable 
to Ideal quality and another station breaking^through 
“■■'i- wave. 01 T^y 

inttJfo ^^1 °“® cannot hope to avoid 

interfttence and cross modulation if one retaL frf 

qnencies much above 6 000 cycles per serin ttr^=. c 

mltto 004.0,. WhiWIdo’^SETttStt.S' 

2«*er reaUy riteets the eeleoHvi^r, I coonot'mrort 

™ mol bJTgl 

beheve -n,!. ^ ^o^scue would have us 

toateSsnSri^interference due 
be systems, etc., must clearly 

of x • The discussion of the problem 

of wTi seems tp centre round the question 

8 000%ycle^ ^r a^i?’ ^®‘l"®>i®y ^uge of about 

wm^SSf^Sd^ S«ch^riigqreS^«:^i^ 

teomo,. 1 !: SS" 


cS' attheirfuUstrength. 

On the otter h^d, we may use instead some fonTof 

selectivity, and then correct for the 
an *a cuttmg in the audio-frequency stages. Such 
Sth^frf” a different effect because 

bv*^ ^““® “tcrference is produced 
by a station whose side-band frequency is rLivSe 
but whose carrier frequency is not. The accepted 

8 000 *^® >^®®®‘'^®>^ c« at 

8 000 cycles per sec., a 6-kilocycle interfering signal is 

trss?" “ -IT ®®®-- - 

the mterfermg side-band becomes inverted. It is wel 
toown that the highest frequencies conS n the iSt 
^wen and the result is that when these become demSS- 
they are automatically reduced in strength, since 
they are inverted. If we are going to get a sufficient 
number of stations into tte allotted wa^engtt fangf 

Jtter'ef ^'® adopted’, 

either at the transmitter or at the receiver If it i.s 

^opted at tte transmitter, all the receiving sets in use 
at present wiU have to be replaced by new ones. Alter- 

S r LTi receive only one side^JLd 

transmission by employing a 
resonance circuit, which gives a verv 

and can be arranged to 
cut off either side-band at will. This system would 
enable one to receive a transmission eveJwhen there 
was an mterfermg transmission working on a frequencv 
only a few hundred cycles per sec. above or ?ha^ 

cr *^®’^® ®^® interfering stations one 

°^®*’ slightly lower frequency 

tlTwT f f® siagleWandfSp! 

tion will not elimmate interference. A further difficulty 
itmH i. oommcUo. yifl. . 

tSwLlei?r® Circuit is that variation of 

fie wa^length tumng camses a variation in band width 

1 ^ selective circuit is employed it 

^onnd that the shape of tte resonance curve^Sns 
almost identical over the whole wavelength range anH 

cramoUoa ttoughout. It k 

t^t a low-fr^uency correction circuit is much more 
tta^is*° “Stalled in a private house 

tt^ is a high-frequency band-pass circuit. 

nPfoM'df*< bluip^; Prof. Fortescue emphasized tte 
nec^sity for a definition of selectivity: to my opinion 
“ft <i®pn<i upon tt^ 

stfl^f' • ^®“^y *l^®re were only one broadcasting 

wSil *^®*® he no selectivity 

from ^ ^ ^ hve the field strength 

from Brookman s Park is about 300 mV per metre imd 
fc* MMacte it 1.5 „v pe, „eS ”X, U 

“*r'’ *>“ *««“ «Mio» my 

^ selectivity sufficient to discriminate 

sS 200 times as 

2{nf‘ J\®^® "® *hree foims of interference, namely 

ortoary heterodyne interference, intelligible modulation 

mterfeipnce.^^d side-band interference. It occurred to 
^ciifr whether any one form of resonance 

circuit would give greater freedom from iuterfeiSS 








FORTESCUE: THE SELECTIVITY OF BROADCAST RECEIVERS: DISCUSSION. 109 


any other, assuming that a certain audio-frequency 
response had to be obtained. Assume that one station 
is transmitting with a modulation depth ; the strength 
of the side-band is and the response in the receiving 
circuit is Assume that the second station has 

a carrier strength of a? units and modulation depth Mg. 
so that the strength of its side-band is and the 
response in the receiving circuit is If we divide 

one response, by the other, d cancels out, and the ratio 
of the interfering side-band to the wanted side-band is 

In other words, it is quite independent of the 
shape of the resonance curve if the same audio-frequency 
response is obtained. The only way of getting rid of 
the side-band interference is to make 0 = 0. I recently 
had occasion to investigate a system which uses a very 
low-decrement circuit, and I was told that in this particu¬ 
lar system the important feature was the free vibrations 
set up by the applied signal. If a modulated sine wave 
of e.m.f. is applied to a simple resonant circuit, the 
resultant can be expressed by two sets of terms. One 
term represents the free vibration of the circuit and the 
others the forced vibrations. The coefficient of the 
free vibration term depends only on the accidental value 
of the applied e.m.f. at zero time of application to the 
circuit. This free-vibration term cannot, therefore, be 
a measure of the modulation. We are dependent on 
the other terms in exactly the same way as we are in 
the case of the more normally damped circuits in common 
use. Returning to the question of the definition of 
selectivity, I thinlc this should involve three terms. The 
first term should define the selectivity in terms of the 
field strength which it would discriminate against in 
the adjacent channel. The second term should be a 
statement of the percentage audio-frequency response at, 
say, 4 kilocycles per sec. off tune. The third term should 
define the volume-level at which the tests are conducted. 

A. Brooke: I should like to refer to the 
necessity for discriminating between definitions of 
selectivity which apply to one side of the detector stage, 
and those which apply to the other. The difficulty 
with regard to neighbouring transmissions which are 
capable of giving interference cannot be overcorne 
merely by limiting the audio-frequency response, owing 
to the fact that cross modulation will occur in the detector 
itself. Selectivity must therefore be defined on the 
high-frequency rather than on the audio-frequency side. 

If interference is to be eliminated under the present 
conditions of a total separation of about 9 kilocycles per 
sec., the Mghest audio frequency that dt is permissible 
to transmit and receive must necessarily be limited to 
about 4 600; otherwise there is always trouble due to 
the neighbourmg side-bands. 

Mr. H. L. Elrke: I recently investigated the problem 
of stray side-bands and the cut-off at 6 000 cycles per 
sec. by canning out a test on two transmitters of fre¬ 
quencies separated by 9 kilocycles per sec. One was 
^'^PPpsed to be giving the transmission which was 
required, and the other the interfering transmission. 

In the interfering-transmitter circuits I inserted ah 
a^angement ena.bling me to switch in and out a filter 
circuit cutting off at 6 000 cycles per sec. The receiving 
circuits were so arranged that no programme interference 
was audible, but there was strong side-band interference. 


I found that frequencies above 6 000 in the neighbouring 
transmission created no interference in the receiver. 
Mr. Harvey Fletcher has recently published* in America 
curves giving the average energy to be expected in speech 
and music over the frequency range, and these curves 
show that although the human ear appreciates frequencies 
above 6 000 the intensities at which these frequencies 
are normally transmitted by musical instruments or the 
human voice are very low indeed. There is therefore 
no argument in favour of cutting off in the transmitter 
at 6 000 cycles per sec.; it is better to leave the higher 
frequencies for those people who are fortunate enough 
to be able to appreciate them. As regards Mr. Willans’s 
reference to the frequency characteristics of microphones, 
I should like to state that the microphone we normally 
use has a rising frequency characteristic both above and 
below 1 000 cycles per sec., rising up to about 6 decibels 
at 4 000 to 6 000 cycles per sec. and cutting off fairly 
sharply above 6 000 cycles per sec. All our amplifiers 
have straight-line characteristics to within a decibel or 
so, and we are therefore sending out an excess of the 
audio frequencies of the order 4 000-5 000 cycles per 
sec. The response of an untreated condenser microphone 
is liable to be 16 decibels higher at 4 000 or 6 000 than 
it is at 1 000 cycles per sec., when one is speaking in a 
direct line with the microphone; in other directions the 
response will be lower. We have recently been experi¬ 
menting in two of our studios with a new t 3 q)e of condenser 
microphone which we believe will respond to frequencies 
well above 10 000 cycles per sec. It has a sensibly 
flat frequency characteristic. Tests in our studios show 
that everybody can distinguish the presence of the 
higher audible frequencies in the output from loud¬ 
speakers of modem design. The majority of people 
prefer to have these frequencies present and they like 
the flat response given by the microphones, whatever 
may be the frequency characteristic of the loud-speaker. 
When listening with a receiver which has a cut-off before 
the detector of 6 decibels at 5 000 cycles per sec. and 
14 at 8 000 I can tell at once whether the new type of 
condenser microphone is being employed. With regard 
to the question of stray side-bands, we have made many 
tests on the question of the difference between general 
interference and side-band interference, all of which tend 
to show that the shape of the frequency characteristic is 
the important factor. In an arrangement whereby 
total demodulation could be nxade to take place either 
by complete removal of the interfering carrier or by 
demodulation in the detector, provided our receiver had 
otherwise flat frequency characteristics we should expect 
to e3q)erience considerable side-band interference. Our 
tests show that this interference actually occurs. By 
using a circuit with a radio-frequency characteristic 
which can remove all frequencies above 6 000 cycles per 
sec, on each side of the wanted carrier, we can eliminate 
side-band interference. If, instead, we place immediately 
after the first detector a low-pass filter which cuts off 
at 6 000 cycles per sec., the same result will be produced. 
Consider the case where we obtain complete demodula¬ 
tion due to the use of a linear detector, the field-strength 
ratio of the two carriers being 10 or 12 to 1. If the 
difference between the carrier frequencies is 9 kilocycles 
Bell Syst^ Technical Jowrnal.ini, \o\. 10, 
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t^L d a set made up on the principle of a super-hetero- 
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frcquency circuits and compensation for the frequency 
Iiaracteristic m the low-frequency circuits. Whra 
< •bserving frequency characteristics we noticed that an 
iHoldicd modulating frequency of 200 cycles per sec 
produced in the loud-speaker a note whose frequency 
was e.stimated to be about 800 cycles per sec The 
.maly.sis of the output was as follows:—Fundamental 
fr<xiuency 1.6 per cent; 2nd harmonic 30 per cent- 
.frd harmonic 9 per cent; 4th harmonic 37 per cent’ 
etc,, up to the 10th harmonic. We then proceeded 
to observe the high-frequency characteristics by in¬ 
jecting a variable-frequency carrier into the receiver 
and measuring the resultant rectified current' The 
high-frequency characteristics were found to bb very 
♦isyiiimetrical, due to various so-called band-pass filtere 
which had been incoiporated to reduce the signal 
strength of the second channel, and presumably also to 
errors in the tuning of the intermediate-frequency 
circuits. The shape of the overaU characterhtic is 
important, I prefer a tail-off to a cut-off at 6 000 cycles 

per .sec. In the design of receivers manufacturers are 
up against the problem of endeavouring to make a 
receiver W'hich is acceptable to all sections of the public 
In the first place, as Mr. Murphy suggested, some people 
want to receive a signal strength of IJ millivolte per 
metre when the interfering signal of an adjacent channel 
has a strength of 300 millivolts per metre. To do this 
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^®®pf at 4 000 or 

characteristic. 

Semndly, there are those who are receiving 25 60 and 
100 mlUvote p„ met,.. a„d who Me ,i„S„ k 
go on listemng to their local programme. For tb A m the 
problem is easy. Thirdly, there is the question of 
designing a type of set suitable for the people who live 
m areas where the signal strength is 6 or 10 millivolts per 
metre, and it is here that the problem of knowing where 
to cut off is most difficult. ® 

I tieen asked to .show a few 
slides of a filter (referred to by Mr. Barton) which was 
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Fig. A.-Average filter slopes, reduced to 300 kilocycles 
per sec. 
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4-elemwt’lntermedSteSreau'Mcv^H^^*®i”'^^^'^^^^®”®y filters. t> is a 
EstabUstanentT ‘ frequency filter deagned by^ the ^Roj^ AtaMfi 


*^® I^oyal -'Aircraft Establishment. 
TS^ffit^d. • " a super^heterodyne receiver. 
The filter design was based oh the telephone practice 
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FORTESCUE: THE SELECTIVITY OF BROADCAST RECEIVERS: DISCUSSION. 


developed by Zobel and Campbell in America. The 
first consideration in designing a filter is that of the 
impedance out of, or into, which it is to work. If the 
filter is worked at an impedance level for which it is 
not intended, reflection losses occur. For example, if 
a band-pass filter with a flat-top characteristic were 
used under wrong impedance conditions the flat top 
would degenerate into two pealcs and the sides of the 
filter characteristic would become less steep. The only 
existing high-frequency filters which Ve loiew about 
were of the 3-element t 3 q)e incorporating a tuned circuit 
in either the series or the shunt arm, and a condenser in 
the other; the usual arrangement being a coupling 
condenser in the series arm. Filters of this type are 
being used on commercial short-wave telephony and 
telegraphy. They are cheap to construct and are fairly 
easily tuned and handled. Fig. A shows the character¬ 
istic curves of various 3-element filters. Our first 
attempt (Filter C), also a 3-element filter, was an im¬ 
provement on the existing types. A drawback of the 
3-element filter, however, is that the losses in the coils 
modify the performance ^ instead of a flat top, a rounded 
top is obtained to the characteristic. A first essential, 
therefore, is to have very good coils. A further draw¬ 
back is that this type gives an attenuation of a high 



Fig. B.—Circuit of Royal Aircraft Establishment inter- 
mediate-frequency filter (D), composed of two comple¬ 
mentary 4-element, double-M derived, tt sections, and 
one 3-element •jt section. 


order where it is not required. We therefore tried what 
is known as the ” infinity cut-ofl ** type of J&lter. This 
gives a cusp which pulls down the slope to a higher 
degree than would an increase in the magnification of 
the constituent coils. Our second design (Filter D) gives 
an attenuation of 34 decibels kilocycles per sec. 
away from the point where the flat top starts. Thus, 
D would attenuate by 34 decibels an interfering signal 
2^ kilocycles per sec. away, whereas C would attenuate 
it by only 20 decibels. Filter D is of the 4-element. t 5 pe 
with a 2-element (see Fig. B) circuit tuned in both series 
and parallel arms. The series members provide the 
infinity cut-ofls. The coils used in this filter are placed 
in copper cans to maintain their frequency characteristics 
constant and prevent interaction. Used; in this way 
they still have a magnification of 200. The amplifier 
is provided with a senu-aperiodic tuned-anode coupling 
coil ; and there are three contacts which automatically 
connect up the filter as soon as this i$ dropped into 
position. 

Mr. Q. E, Q. Bailey: Experiments with a highly 
selective receiver incorporating audio-frequency cbrrec- 
tipn show that this arrangement has certa,in advantages. 
If in order to correct the high-frequency cut-off we put 
in a re$onance circuit tp dbtam the last ipta of correction, 
ike audio- and radio-frequency resppnees aHke wifi d^bp 


after the selected upper frequency limit, and the conse¬ 
quent overall cut-off will be very steep. Accordingly, 
these circuits can eliminate that t 5 ^e of interference 
where the side-bands of the two transmissions do not 
overlap. Interference of the iype where the side-bands 
do overlap can only be eliminated with the help of the 
demodulation effect. As has been pointed out, 2 carriers, 
each with a pair of side-bands, produce in the detector 
27 components, some assisting and others tending to 
neutralize each other. The demodulation effect consists 
in the counteracting of certain components present in 
the output of the detector. It is clear that if a receiver 
with a sharp response curve is capable of receiving single- 
side-band telephony, it is also capable of responding to 
the note produced by the carrier or one of the side-bands 
of an interfering wave. How does such a receiver dis¬ 
criminate between these two? As Mr. Turner pointed 
out, in the first case there is only one side-band, whereas 
in the second there are two. It is easy to see that if 
we injected single side-band telephony signals into such 
a receiver we should get some sort of response: but the 
solution is to be found, I think, in the fact that we still 
get the carrier and, to a certain extent, the remoter 
side-band of the unwanted station, and demodulation 
balances out certain audio-frequency components pro¬ 
duced by the two unwanted side-bands. This can be 
confirmed experimentally by the fact that if to a selective 
circuit one adds additional circuits, thus making a 
band-pass system which cuts off very rapidly, interfer¬ 
ence may increase. This may account for the selectivity 
of receivers of the quartz-crystal type, which, apart from 
the tremendous .increase in response near the resonant 
frequency, behave as rather poor single-circuit receivers. 

I know of no way of eliminating that type of interference 
where both sets of side-bands overlap both carrier waves. 
Mr. Willans mentioned the effects of noise in connection 
with corrected receivers. One of the startling character¬ 
istics of this system is the decrease in the noise back¬ 
ground. I account for this effect in the following way. 

If we imagine the noise spectrum to consist of a number 
of components spaced at unit intervals, the noise-level 
is produced partly by the interference of the carrier with 
each component and partly by the interference of the 
components among themselves. A perfectly level 
amplifier would give a noise response due to the latter 
cause proportional to N\, but in the case of a sharply- 
tuned amplifier there is little cross-heterodyning between 
the noise components, so that this source of noise 
<disappears. Selective receivers employing resonant 
audio-flrequency circuits for correction suffer from phase 
distortion at the upper frequencies, and, in the limit, 
resonance of long duration may occur round about the 
4 OOO-cycle region. This type of distortion condemns 
resonated audio-frequency correctors as a method of 
ohtaimng quality with selectivity. Finally, we need a 
definition of selectivity. Since demonstration effects are 
complicated it is advisable to base this on the simplest 
considerations, and I suggest that selectivity should be 
defined in terms of the degree of mistuning in kilocycles 
per sec. which is required to reduce the signal level of 
a wave by 40 decibels. In order to avoid the logical 
confusion pf using a term which is greater when the 
number describing it is less, I propose to name this 
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” of the receiver and not the 

design which relating to receiver 

tortion of transient discussed is the dis- 

decrement. In this connectio” “ circuits of low 
®ay occur in b^d-p^ fieffects 
re^aance characterise, m tte 

the original tranent mSulatio'n 

be regarded as a cti-titi't... * “on, tlus osciUataon may 

ceuits of ee band-Sf Ster^^h^JT^^V^® 

the case of sinusoidal mnH i 4 ^^ pomt out that in 
band-pass circuit in which the ratio h^®“® employs a 

the side-band frequencSttat^*!’^*^®®*' gain at 
by ee modulation S.ls^eate th?^®’^’ ^ 
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selectivity, but to md£^^ !X“* subject of 

the possibilities of distoren Of Th?f * “"®* consider 

criterion of a receiver fro.^ *’® the real 

should be the qOS^^of tte OOLT’I -P^^* 

From what has beeh stod^ th? 
seems to me that there are -h ® speakers it 

regarding this questim£?f ^^?^schools of thought 
first school regards the qualityqu^ity. The 
^sent^ characteristic, L S: ^ 

have shown that the B B r * -^^hbridge s remarks 
second school ree£-ds £ ®‘*ocl- The 

selective device, Md^considera^tw+r extremely 

can be achieved at present is * *^® which 

reception. We are^of optoioJ broadcast 

right It follows as a corollara t^+ ^ 

present frequency separatiS^g^Orit'^® 7^“®* ^ 

inadequate, because with this sian ^cles per sec., as 
get 4 600 cycles per sec nf 7^- ®?f”'*^°“ ®“® can only 

second sch^l fO^”®;;<2!^'^*®‘l’^®“®T««g«- The 

of tone control lus ®,^?^® the use 

IS fundamentally corr£t ber°^^^®.^^®*^®^ ^ “c*fiod 

^^t by the nse^t^ie conSrone"*""® '® ®^<i®“ce 

thing which has already bSVat reinstate some- 
^ovide increased selectivity Tn^ *c 

B.B.C. transmissions, it wotod 'with the 

^e frequency characteristic^ of *® 

trary to Mf. Turner's opinion we ba ^® Con- 

on a film frequencies up to ’7 000 ]^® recorded 

of better quality than the a.veJZ ™sic, to be 

Wnhave also made a loud-speakfr wV^b reception, 
at 9 000 cycles per sec which has a response 

tbe presence of hinlf7* experiment 

<l«i» i. l»«eaoi,l,"^Sn^’r'>' ““ “P™- 

speech. ■ cuiarly m connection with 
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qu^dy?;r£n^Stedfcb’‘*^^^^^ ^®®“ ^de- 

frequency response of a sensitiw^^^^ Ifinit of the audio¬ 
half the kilocycle spSf 
stations. With the present broadcasting 

stations tiie highest andin ^^°cycle separation of 
therefore 4 500 cfdes permissible is 

that any real imp£lS Jill bf 
extending the station spacing to n ^“®"®^T 
sec. (with a correstjondin,, “g to 11 or 12 kilocycles per 

5 600 or 6 000 cycks ptr s«“)^ce tee’i'^^ frequency of 
would be much less tLn 7!'I ?^® “®rease to range 

To produce a^ mal^Scfa?*; ^! “ *^® 

be added, wtoc? to^^L Vr%" S'" ®®*""® 
either (a) increastoe- «,« I ^ ^ alternatives. 

3"^: Tot 

carrier and a stogie ^e-b^d ^®®''^big the 

mission of a single JdeS Trans- 

de^ed, as it necessitates a special ho^^ rightly con- 
but a carrier and sinoim «,-diK- j“°™°‘^Tae receiver; 
received on any n<Si%!l®'*^®“‘* ®^’ ®®«rse. be 

transmission would have ^“‘^h a 

mductog the lZo:£l3tertton 
two side-bands and a carrie?^^ • P^o^- When 

of detectors caimt avto^Iw 7®®.®'^®‘^’ ®^®“ the best 
frequency component dSe^ w®“ ^ 

side-bands with each other *^® 

band from the tr^^«f«: The elmnimtion of one side- 
frequency component. eliminate tMs double- 

feature of this outstanding 

to favour of an extension of tb ® ’“l®:“^ty of opinion 
amongst those speakers whn ^® ®’“^°‘fr®q^ency range 
of car^jdng out ■ ®'^® ^ opportunity 

Mr.Se®I^:J£^^®®“P^^- Mr.Ashbridgeand 
aad others. aU Wadsworth. Mr. Corfield 

10 000 cyd^ p^I£ o^®r^ ®P *° 8 000 or even 
a limitation to 600o' cydes per^^^^btt"^ advocate 

. »=P««S 3 T 

not been fuUy debated Mr t ^^®® P®^ ®®®- bas 
Cohen and oteers barton, Mr. 

Mr. Corfield oompUcated receivers; 

worktog to spite of ®“S^®-“‘^®-band 

Ashbridge and to nT “"^ties mentioned by Mr. 

appears fofa“£r“era';ig&r“^^ 

with tone correction^S-^nJL combined 

with respect to this sratem*^^..vr®f®” ®^^®®® *^®"bts 
ticnlarly Mr. Sopgrie^nn- + ®^®ral speakers, and par- 
already obtatoed with Ihe small ^® ^“®fbable results 
waves now used,^ expl^SS sq)mation of carrier 
that given by Mr. KirVa ^ .being, no doubt, 

in the high-freouenmr a others, viz. tiiat the energy 
advantagftoT3:?‘^“‘;°“P®“®ats is small. t£ 
mentioned by lifr.^urner v ®*®®*®’^ been 
but without maldngX „YL ^® Mr. Bailey, 
strong carrier on anlliace£ ^ 7®^ ‘^®“- a 
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carriera tte situation is quite different and far more 

laborious but favours the 
at m this case there is no immunity from int«-- 

^ straight-line rectifier. The 
conclusion appears to be that the greater perfec- 
taon of i-endermg resulting firom an extension of the 

thA can only be Obtained by increasing 

tte sepmataon of earners. Actual experience must, of 

so w'n? f ®. and it is unfortunate that 

so few people have actually heard the results obtainable 
by extension up to a frequency of 8 000 
An important question of design has' been raised by 

selectivity must 

reside in the high-frequency stages of the receii^. It 

^ ‘carrier and a side- 

b^d Of an interfering programme are received on tbe 
Ingh-frequencyside, no selectivity on the audio-frequency 

rartvfor P^^^'ided, however. thLt the 

of the mterfenng programme is eliminated in the 
Ingh-fr^uency stages, it certainly becomes possible to 
abminate very high beat notes either in tte audio¬ 
frequency stage or even in the acoustical conversion in 
tte loudspeaker. The essential point is that the beating 
of mterfenng side-bands shall not produce an aud^ 
note withm the desired range of audibility. 

One of the most important points raised in my opening 
remarks is the ability of the non-technicaf Sd 


public to tondle a very selective receiver. Mr. Turner 

Ser , ®t *^.® experienced, but several 

to^h« ^ ^®^ ^yocating compHcated receivers seem 
to have omtted this aspect entirely. The situation 
hM changed enormously in this respect during the last 
few years on ^ount of the introduction of » ganging •' 

• «® Provided that this ganging is suffi- 

aently accurate, the public can probably be trusted to 
make a dehcate adjustment with the accuracy, necessary 

ent^^ ^ aeoessary to watch an 

adjusting a receiver having 
fi, 5- ““i reaction control to realize the gVi'ii 

a very brief experience. 
But in spite of this it seems very doubtful whether a 
I ryreiyer having more than two delicate adjustments 
would meet with public approval. ^ 

Pu^y ttere is the point raised by Mr. Willans of the 
^•'■^smissions and the effects 

^® ®®^ The present over-accentua¬ 

tion of the frequencies between 4 000 and 6 000 is 
almrat certemly valuable with most of the more com¬ 
monly used receivm:s, owing to the falling-off of their 
c^es in i&s range. If this faUing-off were not common 

of tihe'^B^R r ^ ^ against the action 

of the B B.C. and an urgent demand for linear trans- 
mission chaxacteristics! 
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s^bed in the previous paper, has remained substantiaUy ' 

improved screening has been com 
stact^ to mmimise stray fields set up by the attenua¬ 
tor. The attenuator itself has been considerably altered 
to give greater range, and it is now more completely 
^een^. A senes of dummy aerials has been com 
stoct^ for use with different classes of receivers, and 
ttese dummies represent the constants of the various 
^es of ^lals that would be used with receivers of 
ainerent frequency ranges. 

The audio-frequency output power is measured elec- 
fro^tically m terms of the voltage across known 
resistencM m the oulput stage of the receiva-. The 
pimty of the output is also examined by a harmonic 
^to^on meto, which expresses ttie R.M.S. value of 
tne whole of the harmonics as a percentage of the R.M.S. 
value of the distorted wave. 


(2) Design of Modulated Radio-Frequency 
Generator. 

The inoduction of a modulated radio-frequency cur¬ 
rent m the attenuator system by means which do not 



,/^O+M.T. 


tte generat^ frequency of a triode oscillator is depen¬ 
dent upon the anode voltage supply. Admittedly^. 

A effect, but the frequency cL^ 

iQ ^ many kilocycles per second, which 

IS a serious matter when testing a very selective receiver 
^M^uentiy, to eliminate these difficulties a simple 
m^ter radio-frequency oscillator, very Ughtly loS^ 
^d giving a small ouiput, is used, the output from 
^os^tor being taken to the modulator stege This 
witt”]^^ ^ radio-frequency amplifier stage 

non-linear part 
?*3xactenstic It is possible, by suitable 
^justment of the magnitude of the radio-frequency 
mput e.m.f ^d the value of the bias voltage, to S 

refrT^th!^®*^^^ ^tween the radio-frequency cur- 
rent m the tuned-anode circuit and the voltage supply 
to the anode. Once this condition has been ^v^^at 
^exim^ent, it is found to hold at all frequenciM 
t^ condition obtains, a modulating e^mf in- 

tSmo? w ^^JCJicy into the anode circffit of 
the modulator gives nse to a modulated ouiput in the 
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Fig. 2.-Circuit arrangement of modulated radio-frequency generator. 


r^olye several separately-tuned circuits is difficult. 
The simplest meffiod of obtaining a modulated output is 
to insert ^ audio-frequency voltage in series with the 
supply of a simple oscillator. This 
method, however, gives rise to a pure audio-frequmcy 
wmponent superimposed upon the modulated radi(> 
fr^equency component of current due to the inter¬ 
electrode capacitance between the anode and grid of 
e osallator valve. Such a component, even if it 
were onlyjDf the order of 1 per cent of the R.M.S. value 
of ffie modukted wave, would give rise to serious errors 
not only ip the measurement of the current fed to the 
attenuator but also in the determination of the modula¬ 
tion percentage by the use of a double rectifier system 
explam^ later). Although this difficulty c^ be 
elimmated ly loosely coupling a tuned circuit to the 
mam oscillation drcuit, this involves two separate tuned 

curcuits—a slight operational drawback. 

T^e most sraipus objection to this simple method of 

moduMtion is that it introduces frequenw modulation 

as well as ampHtude modulation, due to the fact^ t^^ 


^ free from frequency distortion, since the 
amplitude of orcillation of the radio-frequency master 
oscdlatoi-remaum sensibly unchanged, except for very 
^ute Ranges introduced into the input impedance of 
ffie modulator stage by the varying anode potential. 
The two tuned circuits are ganged, and a fine adjustment 
trunmmg condenser” ife provided to establish 
res^ce, The ouiput from this modulator stage is 
output stage with an aperiodic 
load OTcmt, which dehvers about 160 milliwatts to the 
current control circuit. 

The general circuit arrangement of the modulated 
radi^frequency generator is shown in Fig. 2. The 
smafi-power master oscillator ( 1 ) is provided with a 
smaU •mnable condenser " a ” of 16 p,/iF for giving small 
^^ges^n ft^uency (a few kilocycles per second) for 
^ecfrmty det^mtions. The main tuning condenser 
b IS shunted by a fixed condenser " c,” which 
ensures, that the value of the capacitance L always 
conffition giving a good wave-form. The 
output from this oscillator is passed to the modulator 
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vSut if] coupling condenser *' d," the 

allied It? fi^ed after the condition for 

flie?^ 'voltage of 

th^odulator has been established by trial. ® 

ffaSedT*^?"^ condenser "e" of this stage is 
S g to the mam tuning condenser of the ladio- 

pw^dS" ^ condenser "f » is 

tte hoa+V ^ an*0-frequency voltage derived from 
ae beat-tone oscillator is inserted in series with the 

£te- ’^**'°“* unbalan^ 

between the anode and grid 
gwes a radio-frequency oui^mt to the modulator 

c^nd:^ 

ouSittSe?? radio-frequency energy is taken to the 

“ h'* wS 3 ^ condenser 

acts as a volume control. The aiirlin. 

of ^ circuit is filtered out 

oy means of the high-pass filter F. 

supplies the line to the current 

d.c. com- 

dSr? “ eliminated by the con- 

uraser J. The impedance of the outnut line tan 

SlS-eT*?f of tS attenuator 

StSoS thermo- 

^ 1 junction serves only to give an 

f' *> «» opetSor In 

satisfectory operation over the range required. ® 


a moduktion meter therefore resolves itself into the 

of measumg separately the direct and th^ altemaS 

S^etoo*^® calculablf 

"SSior ^ square^law or linear 

K described a modula- 

on meter based on square-law rectification and con- 

rectification valve- 
the direct and the other the 
^tOTiatmg component of the rectified cuirait. The 
instrum^t used in the present investigation has been 
developed on similar lines, and the theo?o?whSi ifi 
b^ IS given in full in the Appendix. ^ ^ 

^ caltomtion so obtained was compared with an 
eicpenm^tal calibration obtained at a low au^ffr? 
quenty by a^g the simple modulation law which hoMs 

S to Z sideband 0 ^ 

SZeto^ Satisfactory 

l^rSSa^ calibration^ 

me cahhration of the second rectifier is todenendent of 

1 P^r cS the OTor is only of the order of 

filw -w. values of the components used in tho 
filter circmt connecting the two rectifiers are so choSJ 

reada W^Te radio-frequency energy from giving a 

readable deflection on the second rectifili. ® 

(4) Complete Generating Equipment. 


(3) Measurement of Modulation Percentage. 
cirSttoZ^^o^li'?^® properties of the tuned-anode 

^PpSed^ t?^e°ltSu 

ofSe ^ raodulatioD per«mS« 

wave civM Z +™" of a modulated 

oUiertoartmS^.,?^ “■“*») to e«jl) 

ractifier imd the moctolatii^ *be^axacteristic of the 
anq tne toodi^tion percentage. The design pf 
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is 

descWhp/i oT-ia \ vanous components already 
mounted m panel form on a rigid met^ 

an^c supply to the master oscillator STSe 

lato^a^°«S'1^“ “Situated below the oscil- 

mOT, and the two microammeters flO) used with 

swSf “®ans of the 

mm^ (11), which can be connected to telephones for 
^^gfr^u^orfortestingloud-speakers^Th?oto 
to I radicated by the thenS-junction m Si 
ito Msoaated microammeter (9). A small coil fS^ moT 

ta ^ i, ^ ^ i.iAS ss 

to a wavemeter for calibration Zno-.. tt? 

m^ulator is used to adjust the trimming SeS to 

IS provided to measure all battery voltairfk +Ti* • 
necessary to order that faults may ^rapic^LS ^ 
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(5) Attenuating System. 

The general arrangement of the means provided for 
radio-frequency voltages for applica- 
fr, Pit ae^ system is shown schemat^y 

Fig. 4. The leads from the generating equipment in 

Which consists 

of the smes and shunt resistances R, and R„ respec- 

®re arranged in the form of 
^o parallel circles of studs, and the two contact arms 
are connected together mechanicaUy. The values of the 


abo^^n^t as measured at S is 

the fn+!? ‘ resistances is about 40 :1, 

meat? Ir* f ^ *^6 minimuni 

m^urable voltege is about 1 milUvolt. To increase 

this range, a senes of resistance potential dividers P are 
connected across the screened r^istance R aS tiiS? 
^ reduce Ifre voltage to 1/1 000 of the vaJueZ^fSe 
^Mned resistance. The use of this divider, which has 

SoueSt 1 ®hm, enables a radio- 

frequency voltage range of from 1 microvolt to 1 volt to 


i «• 


8) 


-Ha attenuator 


on R, and R^ are so arranged 
S t.^® proportioml to the.numLr 

of studs (100 in aU). At the same time the resista^ 
load of the whole system—including the screened resis- 
;toce in cabm A—is constant at a value of 60 ohms. 
By tins means, control of the current divider from cabin 
gives a 1 per cent change of current per stud and at 
the same fame maintains a constant load on the oulput 


nOTENTlAU 

, OIVIPCR 


Fig. 3. Assembly of generating apparatus in cabin B. 



*1*- 


SenKENCO 

Resistanck 


OgMMV AeRIAi. 


Fig. 4.— Schematio arrangement of attenuator. 

st^e of the oscillator, thereby preventing any second- 
order ^uency variations due to the alteration of the 
input impedance of this stage - on the modulator. The 
dm^ ctoept is ,passed through a qiedal screened 
rraistance R of the type described in a previous paper • 
The voltage across this resistance may be used to supplv 
me dummy aerial. j 

.-I-"'' .V'--'V: < V 


^ applied to the dummy aerial system. Great care 
has been ^en in the construction of these potential 

j., cydes per second, and at frequencies above 

‘^’i® inductance of the wires used in 

the divider IS calculable. 

inRa of tte attenuator is shown in detail 

in Fig. S. Hie concentric lead from the current divider 



Fig. 6.-^Details of attenuator. 

IS t^en to the scremied box containing the thermo- 
juncticm for current m^surement, and thence to a 
bayonet so<tot B Into which one of the screened resis- 
t^ces IS plugged. The potential leads from this re- 
^tance terminate in contacts C which engage with two 
^ulated pins connected to two of the three contacts D. 

dividers are mounted on the 
periphery of a disc, rotation qf which brings any one of 
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wi+h •^’Ka __^ _ I ■ ---- 


SSng“2nS^£d D- The 

dummy aerial terminals connected to the 

both L iSenS from 

and by the use n 4 . .®®*®*“oe and the dummy aerial 

tion effects are elimi^^^^ The ^ 

resistance of the attennaf ^ *j. effective 

haye bem m^^SST*? combinations 

effects being eliminatedtat^ Potentiometer, contact 

coi»tato°Z.S'to' ttS*^ *° ° ’“'*« 

»ith«. s^’jsr tr «» 

“ad. op a, . “™Ld u^^^^X’’l,“?‘ *f 

receivers the followino* , broadcast 

Institute of Radio X ’^ooommended by the 

capacitance 2 ^uF- iS?^ selected: 

26 ohms. These ^s^tance 

an aerialhaying an effectiyeSSto/2m 

a£enua“i S r^prS'^tht cmd?”“'^ 

use of this standard si.ri .1 ■ required for the 

*t~8th in vSXSL o' «» SeM 

the receiyer is cal£lated^om Uhl applied to 

the attenuator and tte R M q toown resistance of 
augli^ me , hy the £oS^£.*^« 
form ^ ^ modulated waye haying the 

•^maofX^ + sin nt) sin o)t 
(^m(txJV^)V{^ + infi) 


...peoffiS T.4^, i??ZiS,=nsJ-"hJt \ 
“ tee. Of anqiligd. 


IS 


where »»is the modulation depth. 


Table 1. 


Hodiilatioa 

percentage 


0 

10 

20 

30 

40 

50 

60 

70 

80 

90 

100 


Ratio value of modulatedwaw, 
vaiue of carrier only- 


1 

1 

1 

1 

1 

1* 

1- 

1 

1 

1 


1 

•0026 

•010 

022 

040 

•061 

•087 

•116 

•148 

185 

226 


yaSe^*'*^ carrier waye of RMS 

wave will vary if thrclrrif^‘,»‘ • modulated 

throughout. A' cortert^y ®ame 

adopted for different mod^^£i must therefore be 

y(^ W f» varianrral^^ 0?^., t^h. S? 


(6) Measurement of Output. 

The output load used throughout a test on =. v • 
may be the actual loud-speaker or m i, 
which the receiver is normaKsId bu?5^^°”®® 
are supplied for use with a^^t^if IdT 
more usual to use »<? an « loud-speaker it: 

the author has shown,* ihe”?Sj oh " 

the loud-speaker affect the amplificatio^^h*^**“ 
owinff to the farf + 1 .^ .‘^•^P^mcation of th^ receive] 

anode circuit. Forti^telv “ *b: 

small, and since it ^^e^t i 

particular loud-speakm for *® adhere to i 

using a nonTdSrfii®^ “®tbod o: 

obtaining a general perfor^^TSfS tte ST® 
properties of the r^eiver S Th! f electnca 
optimum resistance load to b^Tk ^h '^"® 
output valve is specified hv particular 

this value in n^r^JZ^f manufacturers, who use 

output Since tests have showJ'XS^^t^^J 

this is usuaUy adjusted untilff £u^! thT 
nndistorted value the valve is rateT^f!!- “osmium 
range electrostatic voltmeter is used f^lh ^ 
ment of the output vnii^rr^ measure- 

found to be mor?reliabi?ttanT 
and quickerSS mom si,Sf ^^®-^oltmeter methods 
menfc Thl^ £tpS S ^ 

Which gives the isercm+o„^ ^ distortion meter, 

ou1put%ircuit. ^Ihe present in the 

frequency bridge which can an audio- 

unbalanced and ra pf^hl e o/mAao armomc remainder 

which has beeS S£!£e5 bvTrTh'^® 
lines suggested by I Wolff F • ' ^' ^lobrook on the 

Rg. 6. K metiis ilS •“ “^«®^ ^ 

cnirent circuit, i.e. the ter^toS 3^® 
series with the output load An 7m iV ®°“®®*®d m 
is thus appuS to tS potots A 
according as the switches ^e pW S T^®' 

position 2. With hn+>i ciew+^-u position 1 or ; 

with both switches on 1 (the switches m 
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practice bemg interlocked), the bridge is closed and an 
IS applied to it, I being the R.M.S. value of 
^ current in the output circuit. The resonant arm 
^ Standard modulation frequency 

of 400 cycks per second used for these tests, and the 
resistances is adjusted to give balance for the funda- 
mental. The system now becomes a simple resistance 
bndge. This balance is detected by means of the ampli- 
to: ^d telephones connected to the transformer T. 
The harmonics are now left unbalanced. Since the 
imped^ce of^e resonant arm CB is large compared 
^th that of the remaining three arms at all harmonic 
frequencies, and since the impedance of the transformer 
T IS also l^ge at all frequencies, the voltage across T 
due to the harmonics is to a close degree of approxima- 
tion given by 

The amplMer has an adjustable control for varying its 
amplification, and this control is now set to give a 
measurable output as read on the thermo-junction and 
galvanometer J. The switches are thrown over to 



Fig. 9. — Circuit arrangement of distortion meter. 


^sition 2, and the e.m.f. now applied to the points 
A, B, is The bridge is now open, consequently the 
voltage applied to the trsnsfonner is . 

L^ing the amplifier adjustment unchanged, the value 
of is adjusted to give the same oulput in J. 

The ratio of the R.M.S. value of all the hanT»:'T,{ cs 
^en together to the R.M.S. value of the distorted wave 
(including the harmonics and fundamental) is therefore 
given by B^JR^, and the measurement becomes depen¬ 
dent on the ratio of these two resistances only. 

The variable resistance Rg consists of two ribbons of 
constanton resistance wire about Jin. wide wrapped in 
grooves on the edge of a circular disc of keramot, forming 
a non-inductive bifilar circuit. The disc rotates, and 
contact with it is made by two stationary flat brushes 
composed of constantan wires. This type of brush has 
bem found to give very satisfactory behaviour from the 
point of view of constancy of calibration. A second 
calibration made after an interval of several months was 
found to be identical mtb the first within the degree of 
accuracy with which the setting could be detamined. 
The value of this Triable resistance (RA is about l/S 


values of the fixed resistance R, may be 
of 2-9, 6-6, or 12-16 ohms, depending on the range of 

m harmonic content required to be measured. The meter 

:y IS ^pable of measuring harmonic contents from iust 
le under 1 per emt to 50 per cent The resistances R, 

,3 100 respectively • a^ 

:e sween is inserted between the two winding of 

1 - to eliminate capacity-current effects 

. ^d the whole bridge is screened by being enclosed in an 
e earthed metal box. 

i From the above description it will be seen that the 
0 apparatus is capable of measuring a modulated radio- 
r frequency voltage of from 1 microvolt to 1 volt at any 
[■ frequency within the range 10 to 60 000 kilocycles 

accuracy of the voltage measurement is 
chiefly dependent upon that of the current measurement 
and in the absence of any simple alternative method a' 
^n-contact thermo-junction is used at present Within 
the limits imposed by the use of this instrument the 
i aTOuracy is of the order of 1 per cent, which is quite 
adequate for radio-receiver testing. 

frequency may have any value from 
20 to 10 000 cycles per second, the exact figure being set 
by beatmg with a standard tuning-fork, while the accu¬ 
racy of the measurement of modulation depth is within 
2 per cent over the whole range from 0 to 100 per cent. 

Part 2. ^Proposed Method of Specifying Perform- 
ANCE OF Broadcast Receivers. 

(1) Introduction. 

In this part of the paper an attempt will be made to 
draw up a schedule of tests by means of which the rela- 
ive performance of different broadcast receivers may be 
a^essed. No apology is needed for making such an 
attempt, and although certain details of the proposals 
put forward may be subject to criticism on technical 
grounds, it is believed that there is a definite need for 
such a specification in order that the public may have 
i^ormation as to the quality of the apparatus which 
they use. 

The difficulties of drawing up a satisfactory series of 
tests are m^y, due first of all to the several properties 
of the receiver which have to be considered and to the 
varymg importance of different qualities depending on 
the purpose and method of use, and secondly to the 
fact that receivers have several controls, any one of 
which may produce large changes in the performance of 
! the apparatus. It is owing to this fact that the testing 
of broadcast receivers is much more difficult than the 
testing of the inajority of other electrical appliances 
^ ^ conditions of operation are narrowly limited. 

tttherto, it has been the practice of manufacturers 
and testing laboratories to express the performance of a 
receiver by a number of graphical results. It is found 
to be extremely dfficult to use such results for any 
durect comparison of the relative merits of different 
receivers, however, owing to the varying nature of the 
experimental conditions and to the impossibiUty of 
determining the performance under a set of conditions 
differing from those used in the particular test. 

These facts point, to the need for some standard of 
test methods and performance, so that both manufac- 









. ^ app^atus may have 

receivers. The essential ments of particular 

classified as (a) sensitivit^ receiver may be 

fluency req)onse and a^d (c) audio- 

three together and eive an ‘ 

*aay appear to be a danc«> ^ °^®ral] performance figure 

^ntages of such a cSi^lf ^ <iisad- 

overall figure of merit ^ ‘^'at an 

formance. The diffimM-., /“®™od of assessing per- 
fact that the test snecifiM+f^ 

^>y «»ptopSS^'Tk"^ 

•dve weight to each ^ also give 

this attempt, therefore the In making 

any proposed specificating • InUy aware lhat 

tpeeffleatlm h. 2l, <” “ >■“- 

rewarded, consider himself 


thaa S mllliTOlt, ,^el^ P“ metre «.d lees 


amply 


W ^ Oessrprc^r.^.. op arom*,,. 

eludS*^^^^^'’ lave hitherto hr- 

against the in^t olm th^ 
frequencies for different setH range of radio¬ 
retroaction controls Since and 

receivers to obS' a ^ “odem 

adjustments of this ldnTIu<^te ^nge by 

vital characteristics of toe r^i* ®“y 

. of super-sensitive^Wm^7T; 

In these cases, howe^ toe Lm sensitivity, 

measured, and the ratio of « be 

determines toe operational linSt^tht 

It will usuallybe foTnrf sensitivify. 

is high the othlr properties*rf*th^®° sensitivity 
!arly the audio-ffeq?e^^ "®“^^-Particu. 

affected. Hence it adversely 

at some rated value and qh^- ^ sensitivily 
the receiver wh^ opem?iS^^^!.°*^®^3.I*°P®rties 3 
conditions. ^ ^ these standard input 

oertain kaow]rtoc^^(^-^L^f^^®‘^ *o op^te under 
stx^gth is known if Se 

cast service area and the a^lT^. work m a btoad- 

appro^tely known from emSieS“S7®A 
graphical conditions. Hence a toc^Sfai, *°P°' 

to examine toe extent to which tested 

duotioh of te%hony und^ the 
working. ■ ® known conditions of 


It is suggested that a fourth " r> •' ,.i 

s:^ 

as suLbfo fSoS^SSe^S to * ^ classifie< 

above, and toe test sienal ar.«r3! areas definet 

to toe minimum fieldftoenS 

of a " D " class receivZ if^ ^ case 

applied should cor«^or;d to a Mdt? 
volt per metre, it if Scillf of I miUi- 

suitable for more than one se^“ ^ 

separate tests should be madia o+ +t, ^ which case 

tog to the various field str^* qS*”*® corre^ond- 
all cases be appHed to toe recf^ “I”’* to 

culty. in”sS”fer S'toe^^M? diffi- 

receivers vary so widelv It . *e™ different 

that the output power should bJ SEf ’ 
manner according to toe tv^t J m a similar 

proposed:— broadcast receivers is 


“I Pirimumc of 

v.o.ao b/boS, Stato'T’lS'.** " 

%pe classification, and to determinf *®®* ^ 

^e receiver within the limil T^^Tu 

•possesses toe advantage of This method 

iixelevant tests, w P V a mass of 

Pf P. Eckeialev# has^^^^s^ following field 



I2) ‘mfput—below 2S0 Tniiijiyatta 

? oa^«t-2eo to 600 mW ’ 

(3 Medium Mlput-600 to I 000 mW 

6 vS®i «00 to 6 000 m^' 

ery arge output—rabove 6 000 mW. 

optimum anode^OTfodoS 

valve manufacturer as suitebin^H?® ^ the 

output resistance would in all If ^T® “®®^' The 
optimum value and toe receiv^*^ be adjusted to this 
the maximum rated output ^® *®®*®^ '"^‘•h 

mu^^l^ran°;rmSlrif ?-®«®® ^ veiy 

must be capable of haSfog toe *’*® 

Wient high modulation?ercentof^>“ 

test It at the maximum rated output^ ’ ** ** better to 

of 600 to I 000 miUiw^ls i a firid“®^”“ 
millivolts per metre is applied +« b 

In such a case, a fixed input of aerial, 

applied to toe dummy aen?I be 

taken as 4m. and toe1^S^®®^®^®tive height is 

give the maximum rated 

^uency and percentage of So a^d V “‘^“J^tion 
jvocfdare wouM be mjeatoxee^ frequency, tbe 

5 “ 
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made should be sufficient to establish by interpolation 
the general performance at intermediate frequencies. 
For the high«sensitivity receivers of class D," the 
appropriate field strength adopted for the test would be 
stated, 

(3) Seusctivity. 

The method of test proposed by the Committee on 
Standardization of the Institute of Radio Engineers’** 
consists in plotting the input required over a band of 
frequencies covering resonance to give a constant out¬ 
put in the power stage with a constant modulation fre- 
qu^cy and percentage of 400 and 30 respectively. 
This test is not altogether satisfactory, since it does not 
( simulate ihe actual conditions of operation. It is better 
to maintain a constant radio-firequency input e.m.f. and 
to plot the output power when the input frequency is 
varied over a narrow band on either side of resonance. 
Such a test, however, gives the result in graphical form 
and the necessary deductions must be made from the 
graphs so obtained. 

In seeking some test procedure which will give a 
figure for selectivity by wliich different receivers may 



FREQUENCY, KILOCYCLES PER SEC. 

Fig. 7. -ODefimtion of selectivity, 

^ collared, it is soon realized that simple ratios of 
ae ouiput at resonance to. the output at frequencies 
ermg from ^t of rewnance by known small amounts 
do not give sufficient information and, in fact, may lead 
to quite misleading results. For example, suppoi Se 
nance cu^enf a receiver is found experimentally to 
be as shown m Fig. 7 by the heavy-lhie curve, in wLh 

frequency 

ges^ method of expressing selectivity is to give the 
response at a frequency displaced ?known 
amount from rMonanpe. to the response E^ tbe resonance 

ncth-et gtvteg w, 

f(^ r^por^ over a tptd band width of lO 


r side of resonance). Referring 

. to Fig. 7. it CM be seen that the ratio OA/OB is the 
I Mme for ibe simple tuned circuit as for the band-pass 
« filter-circuit characteristic given by the dotted-hne 
curve, yet the two circuits obvioily quite S^Mt 

so fax as selectivity is concerned. teainerent 

It is clear that from the point of view of radio- 
“ frequMcy selectivity the form of the response charac- 
f within limiting frequencies (/-'6) and 

resonant frequency in kilocycles 
measure, since^ the 

t response and will make itself manifest 

r ma? characteristic. The selectivity 

I rpjfon ^ function of that portion of the 

respon^ ^aracteristic which Ues outside the 10-kilo- 

suggested that the selectivity be 
; 1 ®®®®<=^ve area of tliis curve between the 

6-kilo<qicle hne and another line separated from reso- 
• nance by some arbitrary frequency. If 60 kilocycles per 
second be ta^en as this arbitrary frequency limit, we 
can express the selectivity as 

where /= resonant frequency in kilocycles per second. 

P == power at any frequency, 
and pj> ss; power at tlie resonant frequency. 

the shaded areas CDEF and GHIJ divided by the sum 
of the rectangles CKLD and GMNJ. For a receiver 
having a perfect filter system which passed only those 

Ir”® ^ ~ </ + 5) kUocycles 

per serand. the value of this expression would obviously 

be umty; for any other characteristic the selectivity 
would be 1^ than unity. This simple definition giv^ 
a figuie which, although not so instructive as the plotted 
chawtensbc, fwins a useful criterion of selectivity in 
most practical cases. It is suggested that.this figure— 
expr^^ as a percentage—should be obtained at cer¬ 
tain selected values of the resonant frequency, and that 
by Its use different receivers could be compared at those 
frequencies. It is admitted that such a numerical 
statement of ^e selectivity does not give all the infor¬ 
mation centred in tlie actual response characteristic. 

I ? ’^® ^®“embered that the object of the speci- 

cation IS to ob^n some simple figure which will act as 
a useful guide in comparing different receivers. Mfitib 
® ^ wiew the suggested method of expressing 

the selectivity appears to bo satisfactory. 

Selectivity tests should be made at a very low 
modulation frequency of about 60 cycles per sec., so 
that tte characteristic is virtually that which would 
be obtained with no modulation. 

(4) Auruo-FiiBQUENCY Response and Purtty 
Factor. 

_There are two important audio-frequency properties 
of a receiver:-— ^ 

(«) The audio-frequency ouiput power plotted against 
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thepow^stai ^ output of 

teristicwhS SryrS^Sj^"" *? 

to the desired ur5S ~i respect 

The simplS 

maximum to the^ti^ ‘ **'® "^*^0 of the 

factory, “n^tt 

To «p™« «. eWteMc as til ^ ““ s 



response can be defined as audio-frequency 

f_ 2 / Sum of sh aded areas \ 

V^ea of rectangle ABCD/ 

is « shSS. rsi? “•^S'^Xo-contatchamotoristio 

a^.ti.s-ais.fa'irs.r-r^- 

j _ y/ Shaded area AEFD\ 

V Kectangle ABCD ) 
where A: is again some arbitrary constant, 

©prosg 


4co~ loo^ 

frequency 


5000 


FIO. Si-Definition of audio-frequency response, 
betw^n the frequency limits of 60 and 6 ftoo 1 

mid for the ^ 

r^t^S^eZTJTe 2^^^ <^teristic as the 

area of the recWlfl^D «*« 

the power ou^ut at^^stl^,^^ “ 

cycles per secoS. ThirmethS^^ frequency of 400 

more Clearly a function of th#. / ^ is 

value. 

a numerical value of unity we 
frequency response figures * 

I — y/ of shaded areas \ 

VArea of rectangle AB®/ 

•where iC is some arbitrary constant wK- 1 , 

^oo» so as to grade vSs chSSU- 

fron to their degree of excellmrA m propor- 

Ms^d^ttpn. a charactmistic whicA^^’ to 

mg to a linear law frbm sn-m** i accord- 

second to zero at 6 000 cycles ner ®® cycles per 



Power output 
Fig. 9.—Definition of purity factor. 

It is more difficult to assign a value to ir 1 . * • 
haxmomc distortion probably ulavs a ®“®® 

part in contributing to noor Ir,Fu^^ ^ important 
to <lo<»e «i. ^ I 

momcs is to give a lare-a ta/I,,’?® ® • * strong har- 

content for a fairly good rece^S if , jT>ical harmonic 
claimed that in first-quality receivers 
line rectification and pn^puU 
monic percentage has^bS/^S f 

per cent, and that a 6 per cen^aJf, ^ 

readily noticeable. In viLr of Jt. content is 

AT be assigned the value 4 . in ^ suggested that 

tie purity fartorL ' “ ^ ®mi define 


1 _ A /Shaded area AEFD v 

V Kectangie ABCD"/ 

ft P«XV 

( 6 ) dvERAix Performance 
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^ Cbaxactanstic is shown i 

gHd-Ccit cToJ^fd'Sofc.'r, 


mis 



The selectivity characteristic is shown in Fiir 10 

'r “ ” apprikife 

cut-off at 6 kilocycles per second departure from the 
reson^t frequency. This is a very general W of 
selectivity curve for a receiver with a simple tuned 
circuit and retroaction, without band-pass tunina 

We fo®.?® Siven. the selectiviV 

figure for this curve is 80 per cent. ^ 


T7t^ tn o , frequency, KILOCYCLES PER SEC. 

J?io, 10.—Selectivity characteristic of 3-valve receiver. 

and ^ oulput stage, was tested. It was found to be 
a " B " service area, and consequently the 
mput to the dummy aerial was adjusted to correspond 

*■ ■ _* 




_ Audio I 
FReQUeNCY 
_ Response 
|«76% 


frequency, kilocycles per sec. 

Fig. 13.—Selectivity characteristic of 4-valve receiver, 

'me audio-frequency response characteristic is shown 
m Fig- 11- The rapid drop in sensitivity at frequencies 
above 2 000 cycles per second is due to the shape of the 
response characteristic shown in Fig. 10, and the audio¬ 
frequency response for this curve is found to be 78 oer 
cent. ^ 

Lastly, the purity factor (see Fig. 12) is found to be 
66 per cent. 


*00 SCO iooo steo. 

frequency 

Fig. 1 1.—Audio-frequency response characteristic 
' of 3-valve receiver. 

to a field strength of 5 millivolts per metre. The radio 
frequency used for the tests was 1 000 kilocycles ner 

second, ThA rin+rm*#- _a 
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frequency 

Fig. 14.—Audio-frequency rerconse characteristic 
of 4-valve receiver. 


MO , 3^ 4^ 555 

FtoWER Output, IN Milli-W^ 

FiG.T2.-^Pnriiy factor of 3-v4ve rece^^^^ 

Class 2 (260-600 milliwatts), its maximuifi rated outout 
being 600 milliwatts. This output was adopted throueh- 
out the tests, v ® 


A 4-valye receiver was examined in a similar manner. 
This receiver had a screen-grid stage, a grid-circuit 
rectifier, an audio-frequency amplifier, and a power- 
oulput stage similar to that of the previous 3-valve 
receiver. It was found to be suitable for a “ C " service 
area, and is therefore a " C 2 *' receiver. The input was 
adjusted to correspond to a field strength of 2*5 milli- 
volts pw n^friB, and the selectivity characteristic was 
obtained. This characteristic, which is shown in Fig. 13 
exMbits a greater side-band cut-off than that of the 
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tamed on these two receivers a™ ^i' ^ results ob- 
receivers are collected in Table 2. 
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Theory of Modulation Meter. 
i'=^aF-|-&F2 

tectifier 

K = gnd-voltage change, ’ 

o and 6 are constants of the circuit. 

Now, for a modulated wave, 

^ — •^mac.Cl + »»sin «) sin cot 
^ “® = maximum value of carrier-wave e m f 

w = modulation depthi ^ve e.m.i., 
n — 27r X (modulation frequencv) 

cd — Stt X (radio frequency). 

Tie d.c: componn.* jj, ^ 








Jm2cos2»i<){J—|cos2a)<) 
The a.c. component of the rectified current is given by 

4 = sin nt — iw»2 cos int) 

Therefore, the R.M.S. value of /^ is given by 


T _ //, . >» 2 \ 

^»--2vr”Vi*+T) 

If the signal input is adjusted by means of the potentio¬ 
meter of the modulation meter to give a definite Imown 
change {h) in anode current, 

+ K) = 

and ■r. = -A—^ I(i-4.!!^\ 

The audio-frequency voltage supplied to the second 


rectifier is F = J^/3, where is the anode-circuit 
resistance in the first rectifier. 

Thus 


+ im^V ^ 32 , 


D 


The second rectifier is calibrated experimentally by 
supplymg to audio-frequency potential to its grid dr- 
u n fliould obey a square law, so that $ = KV^ 
where 0 is the deflection in microamperes, K is the 
l^enmentaUy-detenmned constant, and F is the 
K.M.S. value of the audio-frequency potential supplied. 
By me^nng and assigning a value to K within the 
square-law operational range of the first rectifier, we 
^ calculate values of F for various values of m. and 
TOto convert these calculated values of F into values of 
t> from the calibration of the second rectifier. In this 
way the deflection in microamperes can be plotted 
agmst the modulation percentage for any assigned 
value of the anode-current change in the first rectifier 
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T> ^ Turner: I shall deal first of all with 

I^rt 2 of the paper. The author’s proposal (page 120 ) 
of ayrarding an overall figure of performance to broadcast 
receivers seems to me to be an impossible one. For 
example, although his overall performance figures show 
the 8-valve to be better than the 4-valve set, we 
have to face the fact that the question which of those 
sets is better for a particular user depends on what 
that user wants. In other words, it is impossible in 
pimaple to give any such overall figure. The class 
D receiver referred to on page 120 is designed for 
distant reception, i.e. field strengths below 2-6 millivolts 
^r luetre, and I suggest that the signal strength of 
1 millivolt per metre which is applied is much too high 
A receiver of that type should give its full output at 
25 microvolts per metre. I do not agree with the 
statement (page 121); " la view of the crowded nature 
of the frequency allocations of broadcasting stations, it 
IS considered that the upper audio-frequency limit which 
should be catered for is 6 kilocycles per second.” A 
good deal of propaganda work is being carried out at 
p^nt with a view to convincing the ordinary listener 
^t he does not require a higher frequency limit than 
6 000 cycles per sec., the maximum which can con- 
vemently and cheaply be provided for sound fiima and 
gramophone records. In my opinion, however, a good 
frequency response characteristic up to 8 000 or 9 OOO 
c^es per sec. is necessary and can be obtained, in spite 
OT the state of the ether. While I support the author’s 
idea of judging selectivity by the amount that one can 
tot out over a wide frequency band, as illustrated in 
7 , I think that the scales of this dia^ani should be 
modified in the way described below, I would also press 

for a wider frequency band in Kg. 8, as it ie not friir to 
base the figure for tiie audio-frequency response of a 
first-dass receiver on a range of 60 to 6 000 cycles per sec. 
Kirther,' toy lotol irregulaiily in tiie response curve of a 
loud-speaker in the neighbourhood of ^0 cycles per sec 
would have an altogether disproportioitate effect oh the' 


result as obtained from the author’s calculation. If a 
loud-speaker were tested in the way suggested, a 100 per 
cent resonance at 400 cycles per sec. would result in the 
react^e ABCD beihg doubled and its efficiency figure 
halved. I therefore suggest that the output used for 
purposes of comparison should not be that at 400 cycles 
^ sec. but should be tiiat corresponding to the mean 
height of tte curve; this would be independent of local 
irregularities. My second pointiu cormection with Fig. 8 
is that I think the units of the vertical scale should be 
dmbels. For example, the audio-frequency response of 
tae ^vaJve receiver of Fig. 14 is reduced to one-tenth of 
tte full value at 6 000 cycles per sec. If, however, 
Mtween 2 000 and 6 000 cycles per sec. the response had 
d^ped to one-hundredth of the full value, although 
additional area would not have been greatly different 
from that shown the actual change in performance would 
have been very large. The use of a decibel scale would 
really make the area of the rectangle ABCD disappear 
from the problem altogether. It is a pity that aU three 
of the receivers the results of which are shown should 
be so bad. With regard to Part 1 of the paper, I should 
be glad of further details of the valves used in the radio¬ 
frequency amplifier, and of the adjustments which are 
nec^saty in order to obtain a linear relationship. Instead 
w the small variable condenser to give small changes in 
frequency for selectivity determinations, it would per¬ 
haps be preferable to have part of the inductance in the 
form of a small vaxiometbr, because this would enable 
one to make a definite percentage change no matter 
what the main frequency setting happened to be. 

A modulation meter based on approximately linear 
rectification is much easier to handle thian one based 
on approximately square-law rectification. I should 
be glad of further details of both the current divider 
and the ppten^ divido:, as I have found such instru¬ 
ments very difficult to make with any pretence to 
accuracy. They have to be extremely well screened, tod 
usually screening upsets the calibration on account of 
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Others may sometimes wish x® *^*.““"f3ctnrers and 
cast receivers for testinff The broad- 

of which more details would be 
for those not within the oTii4na ° appreciated, especialiy 
to me to be *nng^ij 

that has aerial and earth m ^ type of receiver 

test portable broadcast^Sceii^STl 
the commercial type desivneri aerials, and 

which both sides are at Wh tf ^ ^ balanced array in 
respect to earth? Has potential with 

•i* “ «>7 e»!«te«ce 

IS m a screened box andth^r^^; ®'^“’*®'tmg equipment 
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that the lower I ®'>ggest. 
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only some 17 to 19 kilorwi^o™ Jftlie curve were 

expect fair freedom from interferJ”*^* there, one would 

by W. B. Snow, of tS ^ article* 
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“®®^®ary for satisfactory musi^ ^quencies 

embodies the opinion of soi^ an^ which 

Brieffy, the results are that wh» ^ tr^ed observers, 
as low ^ 40 Cycles per audible frequencies 
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is considered to be almost perfect Th» 
of the highest audihi* 4 ^ P®™ct- The transmissio 

perfect ilpreducS? of th 

instruments, mainly becluse’?thi^™‘^“‘^‘^ 
the musical tones ^ An uoiwr ““®®® accompaii 3 dni 
per sec. had a sSJt ®y®J® 

ments, but a cut-off at 500 ?®“oatinstru 
appreciable effect on Vbut 

quality of reproductinn drums. The 

to improve mateilaUy whe^" toe^^ continued 
extended to 80 and the upper to « inn 
Reproduction of the full Sige 
ments extended from 30 t6 ® ®^”' 

preferred to any litoti? iT ?®*®? was 

reproduction of nofrS toe highesrl^'?^ **'® 

were required; even a cut-off^ lonS? i^**"®”®^®® 
caused appreciable reduction L thfn^i^®’'®®®- 
common noises. The resnl+« naturalness of 

radical revision of the oualitaw ®®“®d to necessitate no 
accepted by aJciustieaU^Si^"""® '"®" 
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they supplied. I wish toen ®°™tK)ratiDn which 
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(Communicated): No uroviqin ^ cycles per sec. 
made by the author fo^ teLw ^ 
automatic volume control ^8^ mceivers having an 

performance factor to covel-’ tS^fetSe^^T 
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not seem to me to cove? the c^Jtf ^®®® 

partly for its selectivity on toe 
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S fundamental plus harmonics, but 

^ The attenuator can tten 

thA « “ percentage harmonics. In my opinion 

the service areas defined /“ A” “Pi » a+a \ 
suitahiA £ j. “ 1 •”•» -o. etc.), however 

deEl! proposed, are not now representative 

dastes ^ practice is split up into these 

Classes, Md the proposed additional area “ D “ which 

balanc^ A logarithmic dassification is 
S+i,? practice. I notice 

l^d ^ I revivers without their associated 

that connection I would point out 

loud s^ ®® ^ present-day designs incoiporate the 

“ many cases the 
loud-speaker^ comple- I 

AorKsid ^ d ^ If^c fo know what precautions it is 

^nadered possible to adopt in order to avoid treating 

author ’^“fmrly. I am glad to note that the 

and flx-A^ the conditions that actually exist. 

Sr ser vi?^ frequency limit at 6 Idlocydes 
sec. Idealistic aspirations after 10 kilocycles per 

^ intematioSl 

ns have succeeded in reducing the present 
frequency channels. Turning to the 

S£S th^ ®^! the author rightly 

It metood which considers the ratio of response 

at re^nance to that 6 Mlocydes per sec. off tune, his 
objections do not apply if the frequency difFATAnre is 
mCTeas®d to 9 hilocydes per sec.—the spacing between 
to H a®"^* channels—and this ratio is much less tedious 
tl„d lu view of present 

Ihorfd ®^®1 ‘^®sign, demodulation effects 

should ce^mly be taken into consideration in aarigr'.-^f r 
a fi^reofmeritforsel®ctivity. The author’s preference 
SL power-ouiput scale is surely contrary to aU 

a^epted practice in communication enginee ring The 
^■(^tages a dedbel scale are too weU known to need 
The.^kfinition of audio-frequency response 
u reason: a fairly level 

^^t®rmtic, marred by one bad resonance, would 

***® ®“^® the resonance were 

t400or 460 <^cl^persec.; yet widely different figures 
of m^t would be assigned according to the plan ' 

suggested owing to the arbitrary fixing of the datum ' 

level at 400 cycles per sec. I agree with Mr. Turner that ‘ 

It is atoostunpossible to place a useful interpretation on ‘ 

overaU figures of merit for broadcast receivera. For mv ’ 

OTOpi^, I pref®r the “ 24-9’’-receiver (Table 2 ) to the ‘ 

41-2 -receiver. Although the selectivity of the former ^ 

IS aw^ded the encouraging figure of 96-6 per cent its ^ 

sdectivity is not nearly adequate for present-day mu- ^ 

ditions; whil® the audio-frequency response, for which ^ 

the low figure of 46 per cent is awarded, is tolerably good 
accordmg to commercial standards. The difficulti^ of * 
rating broadcast receivers seem almost insuperable, and ° 

Mr. ^. D. GUphant: The subject of the paper is I * 
of vital importance to the radio industry, anffi look ^ 
fo^d to tiie day when a standardization committee 

will be formed to review the whole matter and lay down 


specific definitions and methods of test. American 
engineers have already realized the existence of this 
need, and their deUberations are to be found in the 1931 
rep<^ of the Standardization Committee of the Institute 
of ^dio Engineers. The compilation of a set of 
stodards will present many diflaculties, but an equally 
occult task will be the setting of limits within which 
the tested apparatus must fall. In view of the com¬ 
plexity and ex^nse of the possible tests, it will be 
impossible for individual manufacturers to install the 
necessary apparatus, and I have in mind the establish¬ 
ment of a central proving station whose duty it wiU be 
to carry out the necessary tests on the submitted 
app^tus; then, when the tests yield data satisfactory 
to the manufacturer concerned, they can be published 
and thereafter production can be checked against the 
^ndard-tested article by simple comparison tests, 
this provmg station, which would be supported by the 


+H.T +Scr. +Scr. +H.T. 



Output 


Fig. A. 

industry, would also carry out research on subjects of 
interest to the industry as a whole. Passing on now to 
rae paper, the author’s primary object was to localize 
betwMn the input terminals of a receiver a known 
mmute modulated radio-frequency voltage. We must 
consider not only circuit details but also the mechanical 
a^gement of toe entire system, as on this factor 
depends toe ehnunation of a number of stray voltages 
whose ^esence would defeat toe object in view. A 
cprnprehe^ive analysis of this question has been given 
by J. R. Bnrd.* I should like to ask toe author whether 
he has^d the dynatron oscillator as either a modulated 
radi^frequency or a beat-frequency oscillator. The 
resulte which I obtained some time ago on the simple 
dyimtr(m oscillator confirm those recently published by 
F. M. Colebrook.f I further found that this type of 
oscillator corid very easily be modulated by applying 
toe modulation voltage to toe control grid. These 
experiments led me to suggest toe design for a beat- 
frequency osciUator shown in Fig. A. It consists of 
two dynaixon oscillators A and B; A oscillates at a 

t ^xpmnmtal Wireless, 1081, voL 8, p. &l. ' 
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factors which contribute to the figure of merit, it seems 
to me that the sensitivity of the receiver is dismissed 
rather summarily by merely placing it in one of a number 
of classes. The sensitivity of a • receiver often varies 
considerably over the waye band, particularly in the 
case of gang-tuned circuits. In such cases a great deal 
of development is often required to establish correct 
ganging, so as to obtain uniform sensitivity over the 
wave baud. I think the performance of the receiver in 
this respect should ,be acknowledged in the figure of 
merit. As an example, a badly ganged superheterodyne 
receiver may have a sensitivity of 20 microvolts at 
300 metres, and of 2 000 or 3 000 • microvolts at 220 
metres or 500 metres. On tlie other hand, a similar 
set of good design would have a sensitivity varying 
between 20 and 60 microvolts over the entire range. 
The author's suggestion that receivers, should be tested 
at their maximum rated oufput seems to be subject to 
the drawback that when the output ■ is approaching 
saturation the audio-frequency response curve will appear 
flatter—and therefore actually better—^than it really is, 

I suggest a figure of one-half the rated output as being 
a rather more satisfactory compromise. Witli regard to 
the selectivity, the author suggests that this should be 
measured at constant input instead of constant output, 
but I do not feel that this gives the kind of comparison 
we need. The purpose of a selective receiver is to 
receive sign^s of the order of 0 -1 mV per metre from a 
distant station the frequency of which is spaced only 
10 or 20 Irilocycles per sec. away from that of a local 
station giving a signal strength of 100 mV per metre. 
The input thus varies in the ratio 1 000 : 1 . The 
output, on the other hand, is naturally adjusted by the 
user to a more or less constant yalue, suflicient to give 
a comfortable volume of sound in his room. Thus we 
can only simulate the actual conditions of listening if 
we test witli constant output and vary the input ac¬ 
cordingly. A further point is that if we have a curve 
of output at constant input we get the sort of tiling the 
author depicts in Fig. 13. If we wish to find how many 
kilocycles per sec. we haye to detune in order to decrease 
the response 1 000 times, so as to get the conditions of 
receiving a distant station from a point close to the 
local transmitter, the scale of Fig. 13 becomes so small 
as to be unreadable; in fact, the lowest output we can 
estimate from Fig. 13 is 10 milliwatts, which corresponds 
to only the peak output or f the peak output 
voltage. A sevenfold reduction in voltage is very small 
compared with^ the 1000 : 1 ratio which actually 
e^sts between the signal strengths of the local and the 
distant station, and it is impossible to say from Fig. 13 
how far it would be necessary’to detune the receiver from 
the local station before a distant station could be received 
(it looks as though it would be of the order of 100 kilo- 
? should like ta refer to the high figure 
of 95 • 5 per cent which the author gives for the selectiW 
of the arrangement Shown in Fig. 13. This is obviously 
not a very selective receiver, as nearly 100 kilocycles 
per sec. detuning is necessary for a 1 000 : 1 ratio 
m a modem receiver of the superheterodyne type 
It IS only necessary to detune 10 kilocycles per sec. to 
allow for the same rhtid. In other words, modem ^ 
receivers can be,produced haym selectivity j 
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is of the Yrangement shown in Fig. 13, and the 
d merit of 96-5 which has been allotted to this recZf 
r does not give sufficient scope for improvement 
s Mr. L. B. Turner: Many of the previous spea.lr^^s 
t the undesirability of an omnibus fio^n-r-e 

l 1 of performance for a broadcast receiver, and I thoro^f 

t ape with their objections to such a figure. Also 
e of the three terms upon which the figure of perform 
1 IS based is selectivity, and I should like to criticize 
f manner of defining this which is explained in Fio^ % 

I method adopted by the author leads to the selec- 

mty ^ing expressed as x/y, where x and y are resToec- 

) tivelytheareasCDEPandCKLD. These amas appl^eh 

c equality as the selectivity approaches perfection T 
tlunk it would be preferable to measure the stiiall 
. dif3^er0nce of these two nearly equal large quanti-fcies 

I and perhaps define the selectivity as y/{y - a;) 

^ unrejected residuum has to be dealt with, and there is 
a practical 2 : 1 relation between two receivers wfctose 
selectivities the author would express as 99 and. 9S 
percent. 

Mr. A. H. Cooper {communicated): To what does 
the author attribute the presence of 10 per cent of 
hai monies in the output of his 3 - and 4 -valve sets evert 
near zero output? Is it due to impurity in the low- 
frequency oscillator, or in the modulator, or does ih 
originate in the detector of the receiver? I canxiot: 
understand why his method of measuring selectivity 
is ^ more representative than that adopted by the In- 
stitute of Radio Engineers. The author’s method gives 
the product of the ordinate of the resonance curve a.nd 
detector efficiency at the correspondingly decreased 
input. 1 bus, in two similar receivers, one with a square- 
law and the other with a linear detector, his method will 
give a better’selectivity figure for the square-law detector, 
whereas it is common knowledge that, owing to demodu¬ 
lation, the linear detector is the better. This is q^^ite 
in addition to the difficulty already mentioned t>y 
anotlier speaker of measuring the output to a sufficient 
attenuation to be of any use. It is idle to suggest tliat 
this curve represents actual fact: in practice the set is 
used to receive a wanted signal in the presence of a. 
neighbouring unwanted one. The wanted signal will 
load the detector so that its efficiency is that of the centre 
of the scale, and its changes at other inputs do not 
concern us directly. I can see no way of stating tine 
selectivity of two widely different receivers except in 
terms of- two inputs, representing the wanted and 
unwanted signals, A trivial point in the proposed 
standardization scheme is the division between tine 
medium-output class (3) and the large-output class (4) 
at 1 watt. The output of many typical 3 -valve mains 
sets ranges froni 0*8 watt to 1«2 waits: some of ttxese 
sets will fall in one class and some in the other, whereas 
in point of fact they are all very similar. I suggest tliat 
the point of division should be raised to 1*6 wab'fcs. 
Finally, I should like to utter a word of warning against 
the apparent safety of elaborate screening. A radio- 
frequency generator of large dimensions (and the autlaox-^s 
: is of a very large size) is difficult to check; its output 
is often only partly Gontrolled by the attenuator. Tine 
. yoltage-drop in the various earth patlis is considera 1 :>l® 
and cannot be checked, completely by varying 
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should be installed in any ({iven iiistaiuf 
the distance of the particular Imality fn>ni tli*' waiis.-.S 
station. In tin’s country there are .some hi iKiii ^ 

’wl'n/'lt Q-TA fwTk+o'M^I _ -I 


attenuator ratio and current in opposition. The 
lalioratorv where I work has in the past 2 years abandoned 
the use of large screens in favour of rational screening 
of small size, in which earth paths can be isolated and 
.■mowed for. By this means a generator can be made 
to work in a week instead of 6 months. A large generator 
in a screened room often gives less accurate results than 
.1 small portable generator, which is so easy to use and 
cheap to make or buy that it will be used throughout 
the design of a receiver, and the product will be better 
ill consequence. 


ni consequence. 

of If, for a measure 

h n response, a quantity is required 

winch will be unity for perfect response, why does the 
author not choose the ratio of the LhadeTLl 
the rcs^n^ curve of Fig. 8 to the area ABCm Is 

ap£r to d ^ h'T would 

appear to differ by too little from the best.? If this be 


Station. In this country there are some |o ohm 
which are potential users of gofi(h(|iialitv ren rh ! 
At present probably lc.ss than (ine^(|uarter o» ther^r .m 

receiving equipmrut, ;oi»i mm h ,4 th 

the 


0 pidu gives 

Kir very unselective receivers ? t 1^ i-i'" 
that the level of the linA -Rr x to propose 

the highit pSk ® of 

merit of penalizing rf> • have the undoubted 

peaked nw of receivers with the narrow and very 

In view of the possibility r.f ri. J f loud-speaker, 
signal bv another a subiert of one received 

"« », 'ten ; ?, E ™ "'‘■'5 to« Itol wort ha, 

'icflectiviu- must be ^ definition of 

frequency output when the re^ nature of the andio- 

!ated transmi^ion whUe^uhlTf f ^ ^odu- 

Either carriers moduIatA#^ iiiterference from 

W.I wroacta « "'■S 

'.■Jectmtj- and audio-fteQuenev ^ receiver for 

■’Cope for considerable v^atiL - ’ ^®re is stffl 

assifications,especialIvintj'pe‘'D°" 

the receiver—the manufaeWr n-classify 
a receiver be tested which was dain^e^f^l' would 
■dl four sendee ar«as ? \= *o be suitable for 

the classes, I think a st-st^ ”S"ds the numbering of 
» 3 -valve mains it rSigS be 

“ I?:" 

deals 

;nr*- ^.technical 

the mote powerful a-nA a ^ ^'hich receiving sets 
«« churches, types are fosWled 

n.isponsibleforchoosino'e The t)eonlc» 

^uidethem evSof ^PP^tus have veivliK 

-rtainamoUtSSSSo^ 

W^akerf^S:^ ^^TJTd 

i^“**t of advertising 

as important as Lali^ ^ circumstances 
^S^^IV “"*<!> to 

to«>toted .toded standard of ®litod 

’”«ton as to 

Z'xype Of receiver 


provided with receiving cquipuiciit, :i 
apparatus now in use is nut up tn 
standard. A recognized sdionic ..f tviu* t.-qm.. .-. j 
receiving sets would not only hv hcljiful p. tl,wl^, 
are entrusted with expenditure of iiumev ..f 

influence for both manufacturers and iis.*r.s..f r.iiiii.n,, pi 
Sevei^ shakers have mentioned the d,.si..;..imv Id 
ndu(^ tests up to a frequency of K (i»ti. ,, , 

Sie rr * ? "'“f experienced radio cngiiar,^ h.,v.. 
liWe defimte knowledge of the freipi.-iu v . haia, t.-t i .li. s 
of commercial receiving sots. 1 atnve wifli ih 

assistance to both the 1 V 

Type tests wnniw 1 1 ^ nmiMitii Imii t 

eq'Sment ofoS w ^ ' »- 

a page of advertisement .space Iif xSi’eh -'i "”l* ' 

m^e weeW p, 4 n.a:ty " 

suggests standards which mayTxMlT*^ ' i*''‘*‘’ * 

desirable to e“Ltne ‘“'"I* tli.-irl.,,,. 

I think that a wider frcmiencv • » ‘'’b‘r"i'tivt> to Ua-in, 
Gra.sshopper *' noises nro i r br 

frequencies in the iniinedhte 
so that a system •'* <“««*. 

exhibit but litS of tStyl's 1'r^’«•» 

retaining a clarity whSi caniiof t ' • »bil.- 

system cutting o/at 6 oil cw .f, will, „ 

to classification, I .suggest that ♦!.’*" ’’''‘ 'i " '*** 
placed first and the fotto P^lj. f "'""■''I 

author’s system a "C 3 " set'is*i 'f Hu- 

“ Al." I am aHH '’"‘ler thmi o,,.. , 1 .,....,, 

''piirity factor,” which Incomes *^**^* *"’ iiuimi,.,. M„. 

as the frequency scale nK-re!is»igly im|«.,,.„„ 

tols Should’ .iJ '■ , ' I 

than 400, say at ion ^ I<uv<*r IrtrfiUjriin 

tra^former is capable of h-m! * *’ ' b"lo- or 

Wtoout introducing serious hv«f «•’»*• 

d^tortion. In my opS 
^ stated rather than the 

unscrupulous salesman ciS '^'-’ ti”» An 

Pu^c that the difference 

per cent selective ann .. . hi.s .set, ivlii, I, u 

“uTf, “"*• “ to^’sSrn "? •• 

towe two sets were descrihnn differ,.,,,.,.; ,f 

I ^nsiSSCs'Svity 


r. r. I on a power . ^ ^Mrvvs f^hMuIfl 

a decibel scale, using suiteihi’ **” ‘dtlier a voltaue 
^ee with Mr. Tumer ^ 

“ ftsqumcy im.*u 
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response figure; the mean of two octaves, say from 
260 to 1 000 cycles per sec. or from 600 to 2 000 cycles 
per sec., would be easier to estimate (and more appro¬ 
priate) than the mean over the whole scale. The 
question of including the loud-speaker in the calibrations 
has been raised, and I think that this should be done 
when the set is intended to be used , with a particular 
loud-speaker, but the figures should be stated separately. 
The total forward sound radiation can be obtained with 
sufficient accuracy by taking three response curve.s, one 
on the centre line, one 30°, and one 60° off the centre 
line, apd "weighting” the results according to the 
area wjiieh each belt represents. With suitable gear, 
a response curve covering the whole scale can be 
drawn automatically in less than 3 minutes; thus the 
^ree curves can be drawn and the total result e.stimated 
in less than ^ hour. Whether the purity factor of the 
loud-speaker should also be mieasured is a matter for 
debate. The author's apparatus for purity-factor 
measurement, together with the microphone and amplifier 
used for the response measurement, should be satis¬ 
factory for this purpose. If this latter test is to be 
of any value it should be made at several different 
frequencies. 

H. A. Thomas {in reply): Mr. P. K. Turner 
points out that the specification may give a better overall 
figure for a receiver having a poor sensitivity than for a 
receiver having a much higher sensitivity, and he says 
that he personally would prefer the more sensitive 
receiver. He also states that the question of which is 
the better of two receivers is determined by tlie needs 
of the particular user. That is precisely what the 
suggested^ classification does, in so far as it permits of 
. comparative anal3reis being made between two different 
receivers. Doubts may aiise as to the feasibility of an 
overaU figure of merit, but I cannot see where the sug¬ 
gested specification fails to bring to light the relative 
properties of receivers. The field-strength classification 
is es^ntial if tests are to be made with any rapidity, 
and it appears to me to be the only method of ob¬ 
taining comparative results. Results of selectivity, 
audio-frequency response and purity factor, given for all 
sensitivity settings of a receiver, would be so cumbrous 
^ to be worthless for quick-comparison purposes. "The 
field-strength figures are adopted as a result of measure¬ 
ments on broadcast transmission-service areas, and they 
cater for the majority of receivers designed to operate 
withm these areas. Mr. Turner regards the highly 
selective and sensitive receiver as the normal typ/ 
whereas I consider the receiver designed for use within a 
service area to be more representative of the average 
present demand. “t> 

speakera refer to the upper audio-frequency 
6 Mocydes per sec. as being too low. I agree 
with Mr. Ba^n that a cut-off at 6 kilocycles per sec. 
does defimtely detract from the reproduction of much 
orchestral nmsic and speech, but 1 maintain that this 
upper cut-off figure is governed by the international ; 

frequency allocation and that, so long as this is as low ■ 

wi! at anything , 

+ 1 , remarks of Dr. Smith-Rose i 

^ow ihat .few commercial receivers give a response at ■ 

frequencies above 6 kiloqydes per sec.; hence -ttie Hmita- , 


1 tion is more academic than pli-actical with present 

* suggests that the line BC in 

■ should represent the mean of the area and not the I 

1 at 400 cycles per sec. In the original specification 
! was done, but it involved the calculation of this 
! value for each curve. Since our experience was tha-fc r,/-. 
receiver tested showed any marked resonance at 
cycles per sec,, we found that the difference 
taking BC as a mean value and as the value at 400 
per sec. was so slight as not to justify the extra labom- 
involved in computing this mean, value; and, since it 'xxraa 
desired to make the tests rapid, the 400 cycles per 
value was adopted. I agree that a decibel scale woiTlH 
be preferable in this case, I cannot agree that all -tlie 
receivers tested were bad—they were submitted foir 
test as being distinctly better than most, and in f a.ct 
were suggested as being patterns upon which a limi-fcine^ 
specification could be drawn. With reference to IVtr 
Turner's remarks on Section (1) of the paper, I will give 
following information regarding the valves used. 
The oscillator and modulator valves may be any sihslH 
power valve such as the P240, and the output valve is 
a fairly large power valve such as the LS6A. Xlae 
coupling condenser between the oscillator and ±lxGt 
modulator, together with the bias of the modulator 
are so adjusted as to give a linear relationship between 
the anode voltage of the modulator and the outp>-u.t 
current, and it is found that these values are not critica.1 
and, if once set, remain valid over a very large worlcixig* 
frequency-range. I he variation in frequency by means 
of a variometer inductance is a helpful suggestion, 
but is not quite so convenient in practice as a varialDle 
condenser. A linear modulation meter could be used, 
but is not suitable in the present case, since a xriticli 
larger input would be required and a linear modulation 
meter can only be operated up to 70 or SO per cent: 
modulation. There is no difference in operating be¬ 
haviour and accuracy, and, owing to the greater 
sensitivity of the square-law meter, it was adopted, 
rhere is nothing more to add to the information given 
in the paper regarding the details of the attenuator, 
which was fully described in my previous paper {loc. cit.^ • 
Capacitance effects to the screen were made small t>y 
careful calculation^ and checks have been made to demon¬ 
strate tliat tliese potentiometers give reliable results 
frequencies as high as SO 000 kilocycles per sec, Xlxo 
difficulty with a valve voltmeter as tlie final instrumeiat: 
upon which the accuracy of the measurement depends 
is, that for small currents the series resistance across 
which the voltiige has to be measured must be largo, 
which involves uncertainty at very high frequencies. 

It was more convenient to make this final measiirenieii."fc 
in terms of current, and, since such a current measure¬ 
ment is probably more accurate and requires no auxiliaxy 
apparatus, it is preferable to the valve-voltmeter method. ; 

The bridge described in the paper for measuring hax- 
monics may be used to pick out individual frequencies 
if desired; but, if this were done, the measuremen'h 
would become very involved and it is doubtful whetliex 
the information so obtained would be of much value ii^ 
a Specification, Grouping of the harmonics forms ^ 
simple means of assessing distortion, and is adopted . 
Arnerican specificatiphs. 
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high. Pot ^ ^ ® ft- X 9 ft. 

series resistance is inserted receivers, a smaU 

across this and a calcnJaV^ ^PP^e<J 

«Mtk connecBon is previS^k', “ 

system can be attached condenser- 

when testing a short-wa™ ^ P®’'®ec- 

Standard signal genemterTa- direction-finder. 

but the equipment described degree of accuracy, 

be superior in performance sinc^ v™"®* obviously 

brate such si^al generaW ^ ®ali- 

factoiyforthekpu^ose quite satis- 

portability and robu^es^ ^ ^ sacrificed for 

the paper can readily be for described in 

autoinatic volume controls Tbe*®®**?® receivers having 

remaining remarks is contained ®®ftori's 

Cooper. tamed m my reply to Mr. 

Str ’S*”,”' «>= '->»->< 

the attenuator network anJ^ “ determined by 

was a suitable load. One do^^^ 
to match a valve but to ba ^ attenuator 

possible to givr'the r- • ? “ ^ resistance aa 

resistance attenuatSjs^rrJ High- 

frequencies owing to the "^^dio 

effects. The coils me self-capacitance 

that a maximum wavelength inductance such 

each range. Reffardin^ hange can be covered on 

function of cabin^A Is to reL’’®* f 

negligible, and that of cibin strengths 

effectively. Although no doubt * 
tteM screens could noW be effected°*>* simplification of 
that the apparatus was b!iil+ ^ must be realized 
than testing broadcast r^ive^s ^ Purposes other 
may therefore have to be eSd''“®^ff apparatus 
screened cabin B. This m the large 

complete screened set for evei^® 
requured. Mr. Scroggie’s measurement 

ridge seem to be superfluous ^tb harmonic 

done in the presenAStee m- describe what is 
areas show that he is tbfni • remarks on service 
sensitive receiver and not of t *yi>e of 

designed for use within a serJw t>roadcast receiver 

testing of receivers without th^ r Regarding the 

I have repeatedly uiged that loud-qieaker, 

over^ measurement is desirable +°^ 
has hitherto existed tiiat a r»r.A- ’ ^ strong feeling 

to operate any loud sne^Ir ^ 

should not be resorted^ to “mpensation 

measurement and would nroi an overall 

«ceivers in thrman '^®^<=ome a request to test 
measuring apparatus acoustic 

1 notice With pleiui Sat gear, 

present a 5-kilocycle uotiAr f agrees tiiat at 

by the present ffoquXA&”^ is imposed 

pomts which he rai^s aZ The rema ining 

reply 4'® dealt with elsewhere inSf 

of the the object 

dardizatioh of test nrn interest in the sten- 

sciii^r^ I 


__ 

work was completed and hS^ 
has not been uMd. DmTbtl^fc dynatron oscillator 
tte dynatron oscillator might be sif ‘*°“®’ 

to the present triode genmto^ shown to be preferable 
correction of my figure of 40 nJ^ ^ mdebted for his 
I thank Dr. Smith Rni r v®“* 

, “®*®aUforanyreplSb^t^Suif/®*f^^' ^bich de 

paper and in them^foes answer mformation to the 
I speakers. ®®''eral points raised by 

M' «■' ■»»* »i-i by 

nulio IreqMTOii. I at high 

possible to establish the LSf’ ’'“T®^®^- that it is 
cross-checking on various ^ system by 

^erent current values and settings with 

The results of numerous surb + f*ft®*^®nt frequencies, 
that the order of ^c^m^Ttb^^ 
withm 1 per cent. I haw alrAa i design is well 

as to testing the receiver with 

nert point raised by Mr Rrn^ • The 

sensitivity classification Tf^” “ by the 

the receiver would not give satief were bad, 

particular class in which^Aawt?"^ in the 

It would have to be claau'fiS °Pbmum results, and 
wavelengths. T^s wotS^SJ ‘iiff®mnt 

filings as regards sensitirttr^Se u^ <^®“®n®trate its 
at the maximum output is duA i-a ® n®“®®ify for testing 
must be made with Mine dS + ^ tests 

of the tests, viz. purity factor h * ® ®*^af<’ and since one 

ft is preferable to 

tests. Idisagree5SS“Bto^°"^f fnrantheothe;, 
of testing selectivity. The casr^-^i*® “®*b®d 

IS obtained when a receip t , but ‘ 

signal in the presence of an • receive aweaJe 

This condition is importiitfo“, 
of a powerful and sSeSj* Propekes . 

majority of receivers the inf A f ibe vast 

tte desired signal. Hence “fT®* ^ban • 

the desired frequency is know obtained at 

frequency remL^JiSiS^Sm'^tS at some 

IS also loiown for the «amA ..xx- be d^ired frequency 
information enables a precise n^f. receiver, this 
conditions to be made.^ operating 

numerical coefficient in fo! ^ 

meets Mr. Brown's fin^ ^ ®®*®®ft^ity 

would be determined by a StandSd ’r®** u coefficient 
I am inclined to agrMtSb^ r®^°“^ft®®- 

ethod which I havXiontS-Six^:.; B. Turner that the 





coefficie;r;;X®:5:>^™-®®- /^ftable;u^e^^* 
a poorly selective receiver k P^®f®rable to expressing 
good receiver. I am afraid ^ 

lead to confusing results particnlfl Method would 
ment point of view. / ^ ufe,rly from the advertise- 

presen/wf^mort 

would be nearly iintvjssihiA^+*^'*f ‘*®*®®f°r. It 

manner suggest^. If two^iMai*®®* selectivity fo the 
aerial system and the wanted^u^ were imparted to the 
varied in value and freouemw 4 ^ "°'^*"*®** ®^8Ual were 

a irequency over arange commensurate 










Pjgg^SION ON » THE RADIATION FROM AERIAL SYSTEMS.” 


mth actu^ working conditions, the mass of results would 
be prohibitive. Admittedly, selectivity does in prSce 

SS e^itation, Lt Ly 

^cific conditions ^n be obtained by calculation from 
e simple selectivity characteristic suggested. I can¬ 
not see how a poorly designed portable generator can 

fS^PoStTa'" K ^ - iwS 

every point has been most carefully evamjned and 

at ^ BC 

Af\n 4 .U XI- some mean frequency such as 

would not d^erentiate between a receiver with a sharp 
resonance at some frequency and one in which the 

The point in regard to selectivity has already been 

“y {;®P*y ^ Mr. cooper. The manufactarer 
would c^sify the receiver, and the testing laboratory 

«>tematively,1te 

laboratory could give figures for more than one sensitivity 


littering numbering and 

The encoura^g and helpful remarks of Dr. Rayner 
are we come. It must be realized that many of^he 
suggestions put forward by several speaker? woSd 
involve a prohibitive amount of testing, Ld the results 
would probubly b. of littl. p«:«oul vulSo. ihop^S 
Which I have attempted to solve is that of prodding a 

^ subject to many 
! ^demic cnticisms, I maintain that the essential 
points do form a defimte criterion of receiver performance 
upon which present-day receivers could be approximately 
ai^rding to their relative effectiveness. ^ 

Most of the pomts raised by Mr. Voigt have already 
en ^swered. I am not very favourably disposed 

1 V steeply graded system is possibly 

®’ the perfect receiver should be 

assessed as 100 per cent and not zero. 


DISCUSSION ON 

'' A METHOD FOR DETERMINING THE EFFECT OF THE EARTH 
ON THE RADIATION FROM AERIAL SYSTEMS.” * 


Mr. J, A. ^tclifife (communicated): In Section (1) the 
au hor remarks that the Fresnel reflection formuke are 
that the point of observation is not 
close to the surface of the earth. Both theoretical and 
experimental considerations lead me to believe that this 
proviso is unnecessary, and, provided only that the 
incident waves are plane and are incident sufficiently 
Steeply, the Fresnel reflection formulae will give the 
correct result, even when the field is measured just 
above the ground surface. The theoretical deduction of 
the reflection coefficients, either by the boundary- 
condition method of Fresnel, or by the method of 
Car^.t does not seem to indicate any breakdown of 
tte theory, even at distances less than one wavelength 
from the surface. I think that we have experimental 
•ainflrmation of the theory in some experiments described 
by Bameld.l He tested a loop receiver situated near 
the surface of the ground, using an elevated transmitter 
as a source of dpwncoming waves, and he found that 
his results agreed with theory when the effect of the 
ground was talten into account. I believe that this 
effect was calculated by using Fresnel’s reflection 
coeflficientSi although this is not expressly stated in his 
paper. The wavelength used was 21 metres. I am 
espeaally interested in the very elegant explmiation of 
♦. Paper by Mr. J. S. McPetrie (see vol. 70, p. 382) 

vol. 2S,y. C<mkrias> Pkib^ophM S«M^, 1824, 

i R.H. Barfield :1030, vol. 68, p. 1065* 


the shadow effect observed by Barfield and Munro, and 
I should have liked a little more information as to the 
exact meaod of calculation of the theoretical curves of 
Fig 4 . How was the image effect of the lower portions 
of the re-radiatmg aerial calculated? There is reW for 
behevmg that the Fresnel formuke do not give the 
correct result when the incident ray is very close to 
grazing incidence. This introduces difficulties in inte- 
^ting all along the re-radiating aerial, and I should 
like to know how they were overcome. I imagine tliat 
^ resultant field (mcident-|-re-radiated) will vary 

I receiving 

aenal. Is the field represented in Fig. 4 some kind of 
mean value? 

= 5'' (communicated): In the first 

section of the paper the author refers to some of my 
work^^d suggests that the discrepancies between the 
reflection theory and my measurements close to the 
surface of the earth were due probably to tlie proximity 
of the ground rather than to that of the various objects, 
stray reflections from which could easily mar the accu- 
racy of the measurements. I pointed out in some 
detail the reasons for my belief. § The author, however 
does not ^ve reasons for his criticism. He agrees that 
tJie reflected ray can be considered to be due to the 
currents set up in the earth by the incident ray. I 
clearly stated, this view in my paper (loc. cit., p. 1400) 

5 Prouedim <4 m rmtiluU of Eadto Engineen, 1030, vol. 18, p. U22. 
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and pointed out the error on the part of some workers 
who considered that the earth currents could have an 
effect additional to causing the reflected wave, although 
no such effect has been specifically calculated or experi¬ 
mentally observed. Hence it is clear that the mere 
proximity of the ground cannot be held responsible for 
the discrepancies observed. Perhaps the author has in 
mind the effect of the non-planar character of the wave 
front, which he rightly thinks will cause errors in the 
neighbourhood of the radiating antenna. However, 
such conditions do not apply to my observations. I was 
studying a wave radiated from a station some 250 miles 
away. The wave-front was found to be essentially 
plane and the polarization elliptical. 

Mr. J. S. McPetrie (m reply): I am indebted to 
Mr. Ratcliffe for his interesting comments on the ray 
theory of reffection. Fig. 4 in the paper was deduced 
by integrating the effect of the dipoles in the shadow 
aerial at one point in the receiving aerial. This would 
lead to a little inaccuracy. The problem at the moment 
was not, however, to deduce from M;c. Barfield's experi¬ 
ments the electrical constants of the earth but to show 
that when reflection of the waves at the earth’s surface 
was taken into account the experimental results could 
be explained by the ordinary theory. Fresnel’s formulae 
were used to determine the amplitude and phase of the 
wave reflected at the earth’s surface; but since the 
calculation was made I have come to the conclusion 
that the conditions at the receiver were such that the 
formulae could not be applied accurately. This in¬ 
accuracy is such that the conductivity calculated by 
Fresnel’s equations would be smaller than the true value. 
This idea is corroborated by experiments made by 
Dr. Smith-Rose and myself, which indicate that at the 
frequency used by Mr. Barfield the conductivity would 
have a value several times the values given in Fig. 4. 
Mr. Ratcliffe suggests that Fresnel's formulae are accurate, 
when the receiver is close to the earth's surface, so long 
as the wave reaches the earth with a sufficiently small 
angle of incidence. I can see no theoretical reason for 
this limitation. If Fresnel's formulas apply to a receiver 
close to the earth and with small angles of incidence, 
they must apply under the same conditions with large 
angles of incidence. I suggest that the obvious errors 
introduced when using Fresnel's formulse to find the 
field at points near the earth's surface are due to the 


fact that they apply only to plane waves. If the receiver 
is near the earth the re-radiation from the earth's surface 
cannot be considered to be plane at the receiver (i.e. both 
the main and the reflected waves at the receiver must 
be plane). The distance at which the formulae cease to 
be applicable is difficult to determine, but, as suggested 
by Mr. Ratcliffe, it is probably less than a wavelength. 
If Mr. Barfield could be induced to repeat his kite experi¬ 
ment for different heights of the kite transmitter, we 
should obtain valuable information as to the applicability 
of the ray theory at high angles of incidence. 

Dr. Verman has apparently misunderstood my expla¬ 
nation that one might expect discrepancies between 
experiment and theory (using Fresnel’s equations) in 
investigations such as his when making measurements 
of the field strength near the earth's surface. The wave 
reflected from the latter is due to the currents set up in 
that surface by the incident wave from the transmitter. 
Fresnel's equations give tlie magnitude of this field at 
points distant from the reflecting surface such that the 
field, from these currents may be considered to be plane 
at the receiver. When the receiver is very near the 
earth Fresnel's equations cannot be used, as this con¬ 
dition is not fulfilled. For this reason I suggested that 
Dr. Verman might expect discrepancies when he applies 
Fresnel's equations to find the field at points near the 
earth's surface. Dr. Verman admits that errors would 
occur if the equations were applied near the radiating 
antenna, but he states that in his case the transmitter 
was 250 miles away. He forgets, however, that there 
are really two sources of radiation—^tlie transmitting 
antenna and the earth, owing to the currents set up in 
the latter by the plane incident field from the trans¬ 
mitter. Dr. Verman is inconsistent, therefore, when he 
will not admit the discrepancies due to the proximity of 
this second radiator, the earth. In the paper the radia¬ 
tion from the earth's surface is not taken into considera¬ 
tion twice. I have considered, first, the plane wave 
from the transmitter, and secondly the wave (the re¬ 
flected wave) radiated from the earth's surface. I do 
not suggest that all the discrepancies which Dr. Verman 
found are due to this effect. Neighbouring objects 
probably did play an important part, but what I state 
in the paper is that one might expect discrepancies 
even without any disturbance due to neighbouring 
objects. 
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THE ATTENUATION OF SHORT WIRELESS WAVES AT THE SURFACE 

OF THE EARTH.* 


By G. H. Munro, M.Sc., Associate Member. 

(Paper first received May, 1931, and in final form Qth January, 1932,) 


Summary. 

An apparatus is described for measuring relative field 
intensities of wireless waves of the order of 20 metres, and 
the results of a series of measurements taken with it on 
wavelengths of approximately 26 metres for distances of 
from 200 ft. to 60 miles from the transmitter are shown as 
Intensity/Distance curves. For distances greater than 
2 miles the decrease of intensity is found to be approximately 
proportional to the inverse square of the distance as pre¬ 
dicted by the theory of Sommerfeld. For shorter distances, 
however, the curves are much straighter than predicted by 
tlieory. This is attributed to penetration of the waves to 
layers of higher conductivity below the surface. This is 
supported by the increase in the variations in attenuation 
with change of surface observed on a wavelength of 18 metres 
and by measurements on the “ tilt ** of the electric vector 
of the wave-front. 

In all cases, marked changes in intensity and attenuation 
were found to occur with apparently slight changes of surface 
and slope of the ground. 


Introduction. 

Attention was drawn to Sommerfeld's theory of the 
propagation of wireless waves over the earth’s surface 
by a paper by Smith-Rose and Barfield f in which some 
of the mathematical expressions were reduced to forms 
more suitable for numerical calculation. The theory 
was later tested by Barfield, J and independently by 
Ratclifie and Barnett, |] and found to be substantially 
in agreement with observed conditions. Further ob¬ 
servations of attenuation on broadcasting wavelengths 
have since been made in various countries by different 
workers, but little has been published on attenuation 
on shorter wavelengtlos. It is desirable that the theory 
should be checked over as great a range of wavelengths 
as possible, and particularly for the shorter waves which 
have come into such prominence of late years. The 
following investigation was therefore undertaken to 
obtain attenuation curves for wavelengths of the order 
of 20 metres. 

As it is much easier and more accurate to take 
measurements on a steady carrier wave than on tele¬ 
graphic transmission, 6SW, the experimental short¬ 
wave station of the British Broadcasting Corporation 
at Chelmsford, then on a wavelength of 24 metres, was 
selected as the most convenient source. 


* The Papers'Commititce invite written communications, for consideration 
with a view to publication, on papers published in the Journal without being 
read at a meeting. Communications (except those from abroad) should reach 
the Secretary of the Institution not later than one month after publication 
of the paper to which they relate. ^ ; 

t See Reference (1). $ JM., (2). || ZM,, (3). 


The Measuring Apparatus. 

The first receiver developed for the purpose was aii 
adaptation of one which had been used for intensity 
measurements on the broadcast band of wavelengths. 
An oscillating detector tunable to the required high 
frequency was coupled to the tuned grid circuit of this* 
receiver, producing, in effect, a supersonic heterodyne 
type of receiver. The essentials of the circuit are shown 
in Fig. 1. The Hartley circuit was used for the oscil¬ 
lating detector, the tuned grid circuit of the intermediate 



frequency being coupled to the high-frequency choke. 
An untuned aerial was used, loosely coupled to the 
oscillating coil. The recording galvanometer was in 
the anode circuit of the second detector valve, which 
was an anode-bend rectifier. 

A calibrating oscillator was also loosely coupled to 
the grid coil of the first detector. The circuit of this 
oscillator is shown in Fig. 2, It also is a Hartley cir¬ 
cuit. The thermo-junction heater is connected in the 



Fig. 2.—-Calibration oscillator. 

centre of the oscillator coil, and one of the couple leads 
IS earthed directly to the screening box to minimize 
leakage of tlje high-frequency current along the gal¬ 
vanometer leads, The anode H.T. voltage could be 
varied by tappings and by a variable series resistance 
to give a continuous range, and with the microammeter 
in use on the thermo-couple a workable intensity ratio 
of 10 to 1 was obtainable. To increase this eitlxer the 
thermo-junction dr the coupling coil was changed. . In 
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^ later modification, a small, enclosed, brass shunt-box 
was incorporated in the screened lead to the receiver, 
and with three values of shunts the range could be 
extended to 100 to 1. As the oscillator output to the 
receiver was varied mainly by reducing the current in 
the tuned circuit of the oscillator, the ratio of signal 
received by leakage to signal via the coupling was con¬ 
stant. It was easy to ensure that it was sufficiently 
small. A copper lid with flanges fltting closely inside 
the box and clamped to it by screens was quite satis¬ 
factory. The thermo-junction was calibrated on direct 
current and the calibration was assumed to hold for the 
high frequency (remembering that we are concerned 
with relative values only). 

This apparatus was installed in a motor van. A 
telescopic aerial of aluminium tube could be projected 
through the roof, and a counterpoise was run down 
both sides of the van outside, close to, but not touching, 
'the sides. In taking an observation the station was 
first tuned in and the deflection noted. The grid cir¬ 
cuit was then mistuned just clear of the station, and 
the calibrator was tuned in and adjusted to give the 
same deflection. The difference in tuning was not 
enough to cause an appreciable error. 

After the 1928 observations on 6SW the apparatus 



Fig. 3.—High-frequency unit of short-wave receiver. 


was reconstructed to improve both the sensitivity and 
ease of control. A screened-valve high-frequency 
stage was used, transformer-coupled to the oscillator- 
detector, and a supersonic unit tuned to about 8 000 
metres for the intermediate frequency. The circuit of 
the high-frequency part of the apparatuses shown in 
Fig. 3. 

The aerial was connected through a condenser of small 
capacitance to the centre point of the tuned coil in the 
grid circuit of the screened valve. This was found 
entirely to eliminate stray body-capacitance effects un¬ 
less the aerial were approached very closely. (The set 
was, of course, completely enclosed in a metal-^covered 
box.) A variable condenser of very small capacitance 
was connected in parallel with the main oscillator con¬ 
denser for fine tuning. This, as well as the main con¬ 
denser, was flatted with a slow-motion dial, so that 
excellent control of tuning was obtained over a wide 
range of wavelengths. The main condenser motion was 
sufficiently slow for '' searching,'* and the station, once 
heard, could be tuned in very accurately with the smaller 
condenser. 

: A capacitative coupling was used to the intermediate- 
frequency amplifier, which aUowed of better choiring in 
the detector anode, resulting in a smoblher control of 
oscillation at the threshold.. This: was of importance 
M lugh-frequency uiiit, which is a complete short¬ 
wave receiver in itself, was used ^oiie without the inter¬ 


mediate-frequency unit for measuring very strong sig¬ 
nals. By means of plugs and jacks the indicating 
galvanometer could be plugged in to either the first or 
second detector anode circuit. This galvanometer was 
fitted into a screened box with a series of shunts and 
an arrangement for “backing off'* the steady anode 
current if necessary. 

It was later found that 'greater sensitivity could be 
obtained by using as intermediate frequency a “ two 
screened-valve portable receiver *' tuned to the longer- 
wave band, ihe high-frequency unit providing a sen¬ 
sitive and convenient “ short-wave adaptor.** For 
measurement work such a receiver was adapted suit¬ 
ably and enclosed in a screening box. The receiver 
thus produced was very sensitive, but easy to control, 
free from stray capacitance effects, and constant in use. 
The requisite batteries were either fitted inside the box 
with the receiver or provided with a separate screened 
box and connected by screened leads. In the latter case 
it was found convenient to include in the various H.T. 
leads suitable resistances so that only one value of 
H.T. voltage was necessary. 

The calibrator was permanently coupled to the first 
tuned coil. When using the calibrator the aerial was 
disconnected and replaced by a compact equivalent 
circuit consisting of a small, screened, variable con¬ 
denser and a non-inductive variable resistor of a few 
ohms in series with it connected between the earth end 
and the centre-point of the coil. The values of capaci¬ 
tance and resistance were adjusted to give the same 
effect as the aerial itself. The pick-up on this “ dummy * ^ 
aerial was very slight, but actually there was just enough 
to produce an audible heterod 5 me between the station 
and the calibrator, and this was found useful in checking 
the tuning. 

For long-distance work the apparatus was installed 
in the motor van with a telescopic aerial as before, but 
a counterpoise was not necessary with this coupling. 
Tests were carried out to see whether there was any 
directional effect due to the van, but it was found to 
be negligibly small. For shprter-distance work oti a 
local transmitter the apparatus was mounted on a wooden 
frame on wheels. 

In all the above receivers it was possible to listen on 
a loud-speaker or headphones to the transmission with¬ 
out disturbing the measurements. It is of great ad¬ 
vantage to be able to hear the signals that are being 
measured, and to know that they are free from inter¬ 
ference and undue modulation fluctuations. 

For the short-distance observations a small portable 
transmitter was constructed. A PM252 valve was 
used in the circuit shown in Fig. 4. To the oscillator 
coil was loosely coupled a split aerial coil with plugs 
for connecting a thermo-couple heater in the middle. 
The contact type of thermo-junction was used, with one 
of the couple leads connected to the metal screening, 
box so that the middle of the aerial coil was effectively 
connected to the box, |^ads from this coil were taken 
out of the box to the teliscoping aluminium tubes which 
served as aerial and coujiterpoise, ’Generally the aerial 
was vertical and the counterpoise horizontal, with the 
coil connected to its mid-point. The complete oscil¬ 
lator and the aerial coil were enclosed in a copper 
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“ ply max box so that radiation took place from the 
aerial system only. Leads were taken out from the 
thermo-couple to a suitable microamnieter, one of these 
leads being connected to the box, as mentioned above, 
and a 1-ju.F condenser was placed across them to bypass 
any stray high-frequency currents. Screened leads were 
taken to the batteries in another screened box. The 
whole apparatus was mounted on a wooden stand with 
the aerial system fixed on a block of ebonite. The 
aerial was tuned to the required frequency by choosing 
a suitable number of turns for the coupling coil and 
then adjusting the lengths of aerial and counterpoise 
until the maximum deflection was obtained on the 
thermo-junction galvanometer. Witli a range of 4 
thermo-junctions measurable currents of from 1 to 
800 niA could be obtained in the aerial, so that the 
• apparatus was very convenient for checking the receiver 
calibration. Modulation ’ for speech was provided by 
including in the anode circuit a 2 000-ohm resistance 
which was also in the anode circuit of the second valve 
of a two-stage low-frequency amplifier working on a 
microphone. This worked quite well on all the wave¬ 
lengths and was found very useful. 

The receiver was checked against the transmitter for 


CP. Aerial 



relative strength of signals. The agreement was within 
5 per cent for the intensity range used, which was quite 
satisfactory for the work. 

Observations of 5SW. 

The first run was taken in a westerly direction over 
ground with slight undulations but of a fairly uniform 
average level and with few trees. These conditions 
hold for some 12 miles until Epping Forest is reached. 
Observations were tried within the forest but the signals 
were too weak for measurement. 

A further run was then taken more to the northward 
where the distance could be extended to 20 miles, but 
the ground at that distance became more uneven and 
the signals too weak for accurate measurement. This 
was partly because of the presence of a marked shadow, 
apparently due to the masts supporting the 6SW aerial. 
The signal strength in the line of the masts was only 
one-quarter of its value at the same distance in a 
direction 30 degrees more to the southward, the change 
being gradual. , ^ 

The, results of these two runs are shown in curves I 
and II of Fig. 6. The intensity is plotted against the 
distance from the transmitter in miles. Logarithmic 
paper is very convenient for the pui^ose as it allows 
the intensity scale to be changed by any multiple w 


out affecting the shape of the curve. In Fig. 6 the 
intensity scale is the same in both cases, the difference 
in the intensities for the two curves being due to tlie 
mast shadow. The dotted lines represent average curves 
through the points. It will be seen that up to 8 miles 
the points lie fairly smoothly about the average, but 
beyond that great variations occur for small changes of 
distance. These variations are somewhat exaggerated 
owing to the points at this end of the curve coming 



Fig. 5.—^Attenuation of SSW, (the intensity values 
are relative only.) 


closer together for the same actual distances apart. 
The straight line is the curve for J against J/d® and it 
will be seen that the overall attenuation for the 18 miles 
approximates to that. In order to get a good average 
curve it therefore seemed desirable to take more ob¬ 
servations at the shorter distance and to extend the 
measurements tp greater distances. For this purpose 
the sensitivity of the apparatus was further improved 
and a riin taken to the north-west. In this direction 
the country is rather more wooded and the level rises 
gradually to the top of the ridge over 400 ft. in alti¬ 
tude, at a distance of 27 miles from the transmitter. 
Behind the ridge the intensity decreased very rapidly. 





MUNRO: THE ATTENUATION OF SHORT WIRELESS WAVES 


SO measurements were not taken beyond the summit. 
The observation points are not all accurately on the 
line chosen, but as near as possible to it and never more 
than ^ mile off it. The positions were all chosen as 
being good sites with no likely sources of disturbance 
other than the ground itself in the immediate neigh¬ 
bourhood of the receiver. 

The results of this run are shown in curve III of 
Fig. 6, with the same scale as in Fig. 5, all the values 
observed being shown. It will be seen that the only 
possible average curve in this case is the straight line 
shown, the slope in this case being 61°. The scatter 


One final run on 6SW was, however, taken in 1929^ 
with the improved apparatus to see how far normal 
attenuation persisted and where fading and distortion 
due to reflected rays became troublesome. A north¬ 
easterly direction was chosen for this as, though fairly 
thickly wooded, the country was of a uniform level to 
a distance of 65 miles. Observations were taken to a 
distance of 68 miles, at which distance the signals 
were as weak as could be measured, and fading and 
distortion were considerable. Fewer observations were 
taken on this run as it was intended merely as an 
extension of the previous ones, and, moreover, good 



Fig. 6.—^Attenuation of 5SW. (The intensity values are relative only.) 


of the points gives an indication of the variations which 
may be expected on good sites, reckoning the accuracy 
of the iheasurements as being within 10 per cent. In 
some cases a reason could be found for the variations. 
For instance, the intensity was always greater than the 
average on a slope facing the transmitter and less on 
one facing away from it. In many cases, however, no 
cause was evident, so that no attempt has been made 
to sort but or apply corrections to the values. 

"-esults were considered as good as could be 
nder the conditions, so it was decided to 
7 furl^er measurements at short distances 
. chosen for its uniformity, using a local 


sites were more difl&cult to And. Up to 40 miles fading 
was slight and little distortion was noticed, but both 
increased rapidly at greater distances. At 50 miles the 
average night intensity was 26 per cent greater than 
the day value. A check on this at Slough at about the 
same distance gave a ratio of about 2 to 1. These are, 
of course, isolated observations and may vary from 
night to night. 

The results of this run are shown in curve IV* of Fig. 6, 
the intensity scale being one-fifth that of curve III. The 
points are rather too few and scattered to give a satis¬ 
factory curve, as curve III shows the unreliability of 
isolated points for giving an average curve. . The lines 
shown are drawn parallel to those in curve III for 
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reference. The last point is probably not accurate to 
much better than 50 per cent, owing to fading and the 
decreased accuracy of the measurement for such a weak 
signal, in addition to its being an isolated one. 

These curves will be discussed more fully later in the 
paper. 

Short-Distance Observations. 

For the shorter-distance observations Dorney Com¬ 
mon, near Windsor, was selected as a convenient and 
suitable site, and tests were carried out there on wave¬ 
lengths of 25 and 17 m, using the portable transmitter 
already desciibed. The output from this could be kept 
constant to within 1 per cent, so that the accuracy of 
the measurements is within 5 per cent. The results 
obtained there are shown in Fig. 7. The curves for the 
first two runs (A = 25 m, curves I and II) fall practi¬ 
cally on straight lines. To extend the available distance 
a line was taken in a different direction diagonally across 
the common, but at a distance of 1 400 ft. there was 
a sharp rise in level of some 6 ft. and beyond this the 
strength fell off with remarkable rapidity. This is 
shown in curve III. Owing to the weakness of the 
signal at the last point there is a possible error of 20 
per cent. 

Some observations were next taken on 17 m as it 
was expected that the attenuation would be greater on 
that wavelength than on 26 m. The results are shown 
in Fig. 10. It was found that while the curves had the 
same general slope as those for 25 m they were much 
more irregular. Curve I is particularly interesting. In 
this case, to get the maximum distance at a uniform 
level a line was taken passing within a few feet of the 
edge of a depression at the bottom of which, 4 ft. lower, 
was a pond in the bend of an almost dry stream. It 
was found that at a point 60 ft. beyond the bend, the 
strength of the signals was greater than at a point on 
the same line 50 ft. before the bend, and the improved 
strength appeared to be maintained beyond that point. 
The effect was carefully checked and confirmed, Meas¬ 
urements were taken at two points at corresponding 
distances from the transmitter but 60 ft. further from 
the pond, and the effect, though still present, was less 
marked. These points are shown with circles round 
them on the graph. It appears as though there is some 

feeding-inby refraction from the direction of the 
pond. It was hoped to investigate the effect more fully 
but it was not found possible to do so. Since the local 
surface effects seemed much more marked on this wave¬ 
length, it was abandoned in favour of 25 m. 

Observations were then taken on 25 m on the upper 
level of the common. There the surface was very 
uniform and a good curve was obtained. It is shown 
as curve IV in Fig. 7. Again it is practically a straight 
line but with a different slope from the ones taken on 
the lower level. 

Finally a series of measurements were taken on 
Crookham Common near Newbuiy where a level site, 
apparently very uniform, 2 miles in length was avail¬ 
able. The results are shown in Fig. 11. For distances 
up to 1 500 ft. very good results were obtained, as shown 
in curve I, the slope of which is almost identical with 
that obtained for the upper level of Dorney Common 
over the same distance (see curve IV of Fig. 7). Be¬ 


yond 1 200 ft., however, there is an appreciable depar¬ 
ture from the straight line. At these distances there 
are changes in the ground-level which, though slight, 
may, judging by the observations on Dorney Common, 
be sufficient to cause departures of the order shown. 
With increased output from the transmitter further 
measurements were taken up to a distance of 12 000 ft., 
or over 2 miles. The results are shown in curve II. 
Though the points are somewhat scattered they give a 
reasonable average. 

This completed the series of measurements. Obvious 
extensions of the work are suggested, and there are 
several points which are worthy of closer attention, but 



Fig. 7.— Attenuation on 26 m (Dorney Common.) 
(The intensity values are relative only.) 


no more was possible at the time. The curves shown, 
however, cover distances of from 200 ft. up to 60 miles, 
and much information can be gained from them in 
addition to that gleaned during the taking of the 
measurements. 

Theoretical Discussion. 

Various workers (e.g. Ratcliffe and Barnett,* Barfield,*]* 
and P. P. Eckersleyt) have used Sommerfeld’s formulae 
to produce theoretical curves to match those found 
experimentally and so get the value of the conductivity 
of the earth. An important factor in the derivation 
is what Sommerfeld calls the " numerical distance,’* the 
value of which is given by the expression 


See Reference (3). 


TT X 

t Ibid., (2). 


t Ibid., (4). 
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where x = distance from transmitter, 

A = wavelength considered, 

and k' is given by 

k' — j2a/f 

where/ = frequency of the wave, 

cr = ground conductivity in electrostatic units, 
and K = dielectric constant. 

If 2a/f is greater than k, the calculation of the theo¬ 
retical curves is greatly simplified. This is certainly 
the case for broadcasting wavelengths, and also for 
wavelengths of the order of 26 m unless the ground 
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Distance, feet * 
on 25 m (Sommerfeld theory). 

(ine intensity values axe relative only.) 

conductivi^ is very low. Thus if d = 1 x lO® 
electrostatic^ units, a normal value for flat country, 
~ ® A = 25 m. Rolf* has published sets of 

curves^ng fuU. account of the dielectric constant of 
tte earth, and the results of the present investigation 

i+w ^ found, however, 

ttat the practical mtensity/distance curves do not show 
the marked vanations in slope predicted by Rolf. The 
eimplmr curves from the Sommerfeld formulas are there- 
fora us^ for comparison with the practical ones. 
^^Gpnsider first tha short-distance observations On 26 m 
Sti^ 7. where the inten- 

Si feet ■ distance from the transmitter 

in leet. The mtensxties are ih arbitrary units but wiih 

' • ■ * SeeR^ereMe (5). 


the same units for all four sets of measurements. The 
transmitter current was, however, varied, the values 
being noted on the curves. Since the points are plotted 
on logarithmic paper any straight line will represent a 
falling-off in intensity according to a power law, the 
power being given by the tangent of the angle which 
the line makes with the horizontal. It will be seen that 
for curves I and II the points lie quite closely along 
straight lines which have practically the same slope in 
the two cases. These were both taken on the lower 
level of the common. Curve III shows the great increase 
in the attenuation on proceeding from the lower level 
at D to the higher level at E (Fig. 9). The difference 
in levels is about 6 ft., and the surface of the higher 
level appeared much drier as the grass was quite brown 
at the time, whereas at the foot of the slope it was 
green. Curve IV was taken entirely on the upper level; 
the much greater slope will be noticed. There is in this 
case a slight variation from the straight line. In Fig. 8 
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Fig. 9. Sketch plan of Domey Common. 

are shown the Sommerfeld curves for 26 m for the dis¬ 
tances 200 to 2 000 ft. for various values of ground 
conductivity (o), with the slopes of curves II and IV 
of Fig. 7 for comparison. It will be seen that in each, 
case the practical curves are much strai^ter than the 
theoretical ones, though the slopes do give possible 
average values for the conductivity of 3 x 10® and 
0-8 X 10®, respectively. 

It is interesting at this stage to consider the change 
m the nature of the earth surface which produces this 
c^ge in conductivity, and in Fig. 9 is shown a sketch 
plan of the common. The measurements were taken 
in the summer during dry weather. Level A where the 
fransmitter was situated was dry, with the grass mostly 
brown. There was a slight drop of about 1 ft. to level 
CD where the vegetation was much greener, and then 
a steep rfee of 6 ft. to level FE, which looked the driest 
of the three. The surface soil is mainly gravel. The 
variations in the curve slopes with change of surface 
are even more marked on 18 m, as shown in the curves 
of Fig. 10. In curve li the first steep slope is on level 
A> the more gradual one from 400 to 1200 ft. is on the 

CD level, while beyond .1200 ft. on the upper levd the 
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intensity fell off to a value which was too weak to 
measure in a few hundred feet. In curve I, as already 
mentioned, the intensity actually increased with increase 
of distance near the pond at B. It is also of interest 
to note on this curve that the decrease in intensity 
between the two extreme points is less than for a 1/d 
variation. 

It was found possible to check these differences in 
conductivity by observations on the tilt of the wave, 
fronts. The method of finding the ground conductivity 
by observations of the “ tilt ” of the electric vector in 


( 00 | 




IOC 1000 


Distance, feet 

Fig. 10.—Attenuation on 17-18 m (Bomey Common). 

(The intensity values are relative only.) 

the wave-front was used by Smith-Rose and Barfield* 
for broadcasting wavelengths. Mr. Barfield has since 
designed an apparatus for the measurement of '^tilts 
on shorter wavelengths, and the author is indebted to 
him for permission to use here the results obtained with 
his apparatus. 

These observations were taken on 16 m on the parts 
of the common where the intensity measurements had 
been made. The observed tilts were on level FE, 18® 
to 23®, level CD 8® to lOj®, and level A 16® to. 21®. 
The corresponding conductivities derived from the 
formula cr = J cot 2j8where a =: conductivity in 
electrostatic units, j8 == observed angle of tilt, and 

* See Reference (p). ’ / : 


/ = frequency of wave, are 0-3 to 0-4 x lO®, 1-6 to 
2-6 X 10®, and 0*4 to 0*6 X 10® electrostatic units 
respectively. The relative values thus agree well with 
those derived from consideration of the attenuation, 
though the absolute values as obtained from the tilt 
measurements are smaller. This may be due to some 
extent to the shorter wavelengths used for the tilt 
observations, but it must be remembered also that the 
practical and theoretical curves did not fit well, so that 
there is some latitude in interpreting the conductivity 
from the comparison. 

Consider now the obser\’'ations on Crookham Com¬ 
mon. Here the ground was almost level and of apparently 
uniform surface for a distance pf 2 miles. Two sets of 
observations were taken, one for distances from 200 
to 6 000 ft., and the second from 2 000 to 10 000 ft. 
(approximately 2 miles). The two sets of points have 
been plotted together in Fig. 11, and the appropriate 
Sommerfeld curves and slopes drawn for comparison. 
Here again it will be seen that the falling off of intensity 
can be best represented by a simple power law, the slope 
in tliis case being —1*7 (the nearest Sommerfeld curve 
giving O’ = 0*8 X 10®). This is the same as for the 
upper level on Domey Common. Tilts were also 
measured on Crookham Common at one point only, the 
value found for 16 m being 17°, giving a value for a 
of 0-5 X 10®, which is in fair agreement with that 
derived from attenuation measurements. Again, it will 
be seen that large variations occur for apparently short 
changes in distance at the greater distances, though this 
effect is exaggerated by the logarithmic distance scale. 
The variations are considered to be due to surface 
changes in the path, this being borne out by the fact 
that similar variations were experienced if observations 
were taken at similar distances over slightly different 
paths. 

These observations therefore all appear to indicate 
that the attenuation on the wavelengths under con¬ 
sideration depends largely on the immediate surface, 
the variation with changes of surface being more marked 
on 18 m than on 26 m. 

The realization that such changes in conductivity can 
occur owing to the ground surface alone on what appears 
to be a uniform site will lead us to expect greater ones 
in the case of the observations at greater distances on 
5SW where changes of level and the interposition of 
objects such as trees add their effects to that of the 
earth itself. The variations in the points on the curves 
of Fig, 5 are thus not very surprising. It is perhaps 
more surprising to find that the points for curve I lie 
so closely along the dotted curve between 1 and 10 miles. 
The straight lines drawn are in each case of slope —2, 
that is I be 1/d®, and they will be seen to give a satis¬ 
factory average. The appropriate Sommerfeld curves 
for this distance approximate to this line also so they 
have not been drawn. 

Fig, 6 shows well the ** scatter'' of the points for 
selected good sites, and suggests that the apparent 
regularity of the previous curves for the shorter dis¬ 
tances may have been due to fortuitous choice of sites. 
The best average in tine case of curve III of Fig. 6 is 
again a straight line, though the slope in this case is 
less than %, being approximately — 1*8. From Som- 
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Ficn 11.—Attenuation on 25 xn (Crookham Common). 

(1 he mten.sity values are relative only.) 

points, but it shows that the same order of variation 
persists up to 50 miles by day. As this run was taken 
over level country it is probable that the curvature of 
the earth is also having some effect and may be in part 
responsible for the sudden drop which occurs between 
40 and 00 miles. 

Considering the complete set of observations, the 
follovdng conclusions may be drawn concerning trans¬ 
mission on a wavelength of 26 m. 

(1) For a surface of conductivity of 1 x Id® electro¬ 


static units or less the decrease of intensity with increase 
of distance from the transmitter assumes, within a few 
hundred feet of the transmitter, an inverse-power law 
approximating to the inverse-square law. 

(2) In all cases for conductivities ranging from 0 • 5 
X 10®tol X 10® the intensity variation is best represented 
by an inverse-power law for distances between 200 and 
2 000 ft. 

- Ratcliffe and Shaw* have obtained in measurements 
on 30 m a bulge in the curve at 600 m from which, 
by comparison with the curves of Rolf, they were able 
to deduce a value for the dielectric constant of the 
earth. No such bulges were found in the present series, 
however, except where they could readily be traced to 
changes in the conductivity of the surface. It was 
unfortunate that the curves for the surface of higher 
conductivity could not be extended to a sufficiently 
^eat distance to show where the slope changed to the 
inverse-square law, but a suitable site, of sufficient length 
was not available. 

(3) For distances beyond 2 miles over level country, 
up to 60 miles—the greatest range dealt with in the 
experiments, great variations may be expected in the 
intensity at points within a few hundred feet of one 
another, but an inverse-square law of variation will 
give sufficiently good average values for practical 
purposes. 

The deviation from the theoretical curves, and the 
mcurked changes in attenuation with change of surface, 
confirmed by the tilt measurements, are consistent with 
the supposition that the immediate surface plays a large 
part in the attenuation on the wavelengths under con¬ 
sideration, particularly if the surface conductivitv is 
high, but where it is relatively low there is sufficient 
penetration to better conducting levels below the sur¬ 
face for these to have an appreciable effect on the 
(attenuation) conductivity, the resultant attenuation 
being a compromise between the two. As the theoretical 
curves are calculated for a homogeneous medium this 
will account for the non-coincidence between the prac¬ 
tical and theoretical curves. Moreover, the results 
suggest that the surface effect is greater, and the pene¬ 
tration therefore less, for shorter wavelengths. This is 
consistent also with the observations of Smith-Rose and 
Barfield,t where the actual surface was found to have 
a relatively small effect on the ‘'tilt^* of the wave- 
front and, therefore, presumably on the attenuation, on 
broadcast wavelengths. 
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As announced at the Annual General Meeting held on 
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written communications on papers published in the 
Journal without being read. In such cases the con¬ 
tributor’s country of residence will be indicated when the 
contribution is published. In this connection a number 
of advance copies of all papers read before the Institution 
are sent to each Local Hon. Secretary abroad to enable 
him to supply copies to members likely to be in a position 
to contribute to the discussions. 

Council’s Nominations for Election to the 
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The John Hopkinson Premium (value £10). 

H. W. Clothier. " Metal-clad Switchgear, Auto¬ 
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Control, with Particular Refer • 
ence to Developments during 
the Last Seven Years." 
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Prof. W. M. Thornton, " The Absolute Measurement of 
6.B.E.,D.Sc.,D.Eng., High Electrical Pressures." 
and W. G. Thompson, 

B.Sc. 
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E, W. Dickinson and "The Design of a Distribution 
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H. Pearce, B.Sc. (Eng.) 
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E. A. Watson, O.B.E. 
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B. S. Gossling, M.A. " The Flash-Arc in High-Power 
Valves.” 
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Swan Memorial Scholarshlpi 

administered by th^ Institution has been 
founded as a national inemorial to the late Sir Joseph 

made last year for subscriptions by a Gom- 

The first 

^ the Scholarship will be made this year. The 

conditions of award are as follows :— 


Conditions of A ward. 

( 1 ) The Swan Memorial Scholarship in Electrical 
Engineering, which has a value of approximately £140, 
is t^able for one year and will be awarded annually to 
^ British subjects who fulfil the conditions set out below, 
g (2) Each candidate must be nominated by the pro- 
y fessor or teacher under whom he or she is working, or 

» lias worked, and satisfy the following conditions:— 

(a) He (or she) must have undergone a whole-time day 
course in electrical engineering, of at least three 
, years, and have graduated or obtained a final 

certificate or diploma appertaining to such course 
approved by the Institution. 

Note.—C onsideration will also be given to 
candidates who have, for any reason, been 
unable to take a whole-time day course of study, 
but who have obtained the degree of B.Sc. with 
1 st or 2 nd Class Honours, and who have satisfied 
examiners in electrical engineeringsubjects. 
(&) The candidate must be under 27 years of age on 
the 1 st July in the year in which the award is 
made. 

(3) Nomination forms may be obtained from the 
Secretary of The Institution of Electrical Engineers and 

returned so as to reach him not later than the 
15th August. 

(4) lu considering candidates for the award, preference 
wiU be given to candidates from the Sunderland area. 

Such candidates must have been either— 

(«) bora in the County Borough of Sunderland, or 
( ) resident in that Borough for a minimum of seven 
years, or 

(c) educated at the Sunderland Technical CoUege. 

(6) Other things being equal, preference will also be 
given to candidates who, without the aid of the Scholar¬ 
ship, would be unable to carry out the programme of 
research or other post-graduate work outlined in their 
nomination forms. 

( 6 ) The successful candidate will be required to carry 
out whole-time research or post-graduate work of a 

nature ^d at an establishment approved by the Council 

of the Institution, and to commence such research or 

the beginning of the session 

next following the award. 

(7) The Scholarship may at the discretion of the 
Council be awarded as a TraveUing Scholarship, with a 
ww to study, abroad at some approved institution, 
laboratoiy, or works. In this event tlie proposed 
programme must be submitted to and approved by the 
Council of the Institution. 

(8) The Scholarship is payable in equal quarterly 
instalments, subject in each case to the professor or 
responsible authority under whom the holder of the : 
bcholMship is studying certifying that his (or her) work 

is satisfactory. ; 

(9) ^ Instalments may be withheld or forfeited in the 
event of an unsatisfactory report being received from toe 

professor or responsible authority concerned. 

(10) The Scholarship will be canceUed in the event of 

the holder relmqnishing his (or her) electtital engineering . 

research or other post-graduate work. 
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ELECTRICALLY DRIVEN UNDERGROUND CONVEYORS IN COAL MINES 

AND THEIR ECONOMIC ADVANTAGES. 

By W. B. Hird, B.A., and J. B. Mayor, Members. 

(Paper first re^ivei May, and infin<aform i2nd October. 1931; read before The iNsnttniON lltk Febrttary. before 
North-Eastern Centre 8/^ February, and before the Scottish Centre \^th April, 1932.) 


Summary. 

The different kinds of electrically driven conveyors which 
are used underground foV carrying the coal from the face to 
the haulage road are first described. 

The different classes, viz. shaker conveyors, belt conveyors, 
and scraper conveyors, and, in association with these, gate- 
end loaders and similar apparatus, are considered in turn. 

The special advantages of using conveyors and loaders in 
groups are discussed and the di£&culties to be overcome in 
using such combinations are described; special stress is laid 
on the switching arrangements necessary to enable full 
advantage to be taken of such grouping. 

The special points to be attended to in the design of 
electrical motors to be used for driving this class of apparatus 
are indicated. 

The economic advantages of electrical conveying are then 
discussed; and examples of typical results obtained, showing 
the savings gained by the new methods, are given. 


Glossary of Mining Terms used in the Paper. 

Face» —The face of standing coal about to be worked. 

Long walh—K long face, anything from 60 to 200 yards 
long, as distinguished from the short faces on which 
work is carried on in the case of room and pillar working. 

Gate, gaiety from the face along which the 
coal won at the face is removed to the main haulage 
road. 

Mothergate, —-If the output from a face can be con¬ 
centrated into one gate-road this is called the " mother- 
gate."' 

Tram, tyb, Synonynious terms for the small 

wagons used to move the coal underground. 

To brush, —^To increase the height of a road by cutting 
up into the roof or down into the floor. 

To back bytfsA.—To repeat the brushing process; this 
becomes necessary when the motion of the strata doses 
the road either by the roof sinking or by the floor rming. 

Fault, —CJeological term. A break in the strata which 
haye on different sides of the fault slipped to different 
levels.. 

A small fault. • 

Goaf, gob, waste, part of the workings from 
which the coal has already been removed. 

Casting cpa/.-—Throwing the coal along the face to ihe 
nearest gate by shovelling. 

. • GeNEIUl! ■ ■ ’ 

The use of conveyors underground, whether at the 
working face or in the roadways of a colliery, is a neces¬ 
sary adjunct of tihe methods of mechanical coal-cutting 
now so universally adopted. It is obvious that when 


increasing the oulput from any given face an improved 
S 3 rstem of clearance must be organized, and that the 
use of mechanical means of removing the coal from the 
face is the natural complement of mechanical coal 
“getting.^' 

This paper is confined to the consideration of electri¬ 
cally-driven underground conveyors. The only alter¬ 
native to electricity which has been employed to any 
extent is compressed air. Many types of underground 
conveyor gears of recent design are so arranged that a 
: d.c. electric motor, a 3-phase electric motor or a com- 
. pressed-air turbine can be interchanged without altera¬ 
tion to any of the mechanical parts. The descriptions 
of mechanical drives are therefore applicable to any 
underground conveyor however driven, but since there 
is no question that electric power transmission is very 
much more efficient than compressed-air transmission, 
any claim as to the economic advantages of electrically 
driven conveyors must be somewhat modified when 
applied to a compressed-air drive. Compressed air 
should only be used where the risk of gas being present 
is so great that the use of electricity at the face is 
impossible. 

British mining conditions yearly become more difficult. 
Most of -ithe thick seams near the surface have been 
worked out, and many of those in the deeper strata 
have been developed until they are now long distances 
from the pit bottom. The greater part of our coal is 
won from relatively thin seams of the lower strata. 

These conditions have a very direct bearing upon the 
t 3 pe and design of conveyors to be used underground. 
Seams beiiig mined at great depths, under strata which 
have already been disturbed by the removal of other 
seams—-probably in a less systematic manner than 
present mining practice dictates—are' subject to very 
acute roof and floor troubles. It is therefore necessary 
for the mining, man to make use of pl^t which [a) will 
t^e up the minimum of space so that as little roof as 
possible will be exposed, if>) is of a portable nature so 
that it can be rapidly moved forward with the advance 
of the workmg faces, or withdrawn should conditioiis 
become unmanageable due. to roof weights or other 
mining causes, (4j) will continue tq function satisfactorily 
even when movements in the roof or floor strata, or 
the presence of water,, tend to create severely adyerse 
cbiidition^^: . ^ ^ ^ ^ ^ ^ ^ ^ ^ 

It will be seen from the foregoing that the conveying 
of coal underground; is probably the most complex 
material hahdling problem yet tacMed by the engineer, 
and it is hoped that the following descriptions of the 
progress already made will prove of interest. 

10 
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Electric conveyors for underground work are usually 
constructed on one of the three following principles:— 

(1) Shaker or jigger conveyors. 

(2) Belt conveyors. 

(3) Scraper conveyors. 

(1) Shaker convenors^ as the^name implies, convey the 
coal by giving a reciprocating motion to lengths of 
troughing by which the coal is made to slide in one 
direction along the trough. 

(2) Belt conveyors are similar to the same class of 
conveyors used for surface work, and carry the coal 
along an endless belt. 

(3) Chain flight scraper conveyors push or pull the 
coal along troughs by scraper bars or flights formed on 
the links of an endless chain which is pulled through the 
trough, partly carr3dng and partly scraping the coal 
along the bottom of the trough. 

(4) The drag bucket scraper conveyor consists of 
V'Shaped or rectangular bucket vdthout top or bottom, 
dragged by a chain bridle attached to a steel-wire 
haulage rope. The bucket is dragged along the floor 
with the opening in the direction of delivery and 
gathers up the coal as it proceeds. 

One or other of these types is best adapted according 
to the conditions under which the work has to be done. 
Conveyors in underground working are used to convey 
the coal along the face to one of the gates or roads, and 
to get it from this feeding point to a suitable loading 
station, which may be within a few feet of the working 
face or at the main haulage road. When the loading 
station is at the face, the face conveyors deliver into a 
gate-end loader, which simply elevates the coal into the 
hutches; when in the haulage road, a gate conveyor 
is used. 


As regards the methods of use, these underground 
conveyors fall into t^vo classes, viz. face conveyors 
working along the actual working face and delivering 
either into tubs if the tubs are brought up the gate, or 
to a gate conveyor which carries the coal to the nearest 
haulage road. As the conditions under %vhich face 
conveyors and gate conveyors work differ considerably, 
different considerations enter into the design of shaker 
or belt conveyors, according to whether they are to lie 
employed as face or as gate conveyors, and it is necessary 
to distinguish between these two different clas.ses in the 
ensuing descriptions of the different types of conveyoi’s. 

Shaker Conveyors. 

Coal was first conveyed underground in Germany 
about the beginning of this century, when sheet-steel 
troughs hung on chains were used on tlic coal face in 
steeply inclined seams; these troughs were swung to and 
fro by a boy at the top of the incline in a manner which 
induced the coal to slide on the pans. The next logical 
step was to replace the boy by an engine, and com¬ 
pressed air was requisitioned for this pui’posc. From 
this beginning the modern shaker conveyor was evolved. 



The chief difference between underground conveyors 
and those usually employed on the surface for industrial 
purposes is that the latter are usually fixed in position, 
and once installed and put to work remain fixed through¬ 
out their useful life. The underground conveyor has to 
be constantly moved as the work of cutting the coal 
proceeds. A face conveyor has to move daily, for as the 
face advances it must be moved laterally so as to keep 
close to the working face. The operation of moving up 
cannot be carried out by bodily moving the conveyor as 
a whole, since the props supporting the roof usually 
interfere with such an operation. The design of any 
conveyor used on the face must therefore take account of . 
this requirement. The parts must be in reasonably 
short lengths, easily disconnected and reconnected, and 
at the same time as robust as the essential quality of 
portability will permit. In the case of gate conveying, ttie 
change of position is not so frequent, but the lengfi of 
the conveyor has to be continually increased as the face 
advices, and from time to time the position of the 
dri?v^g gear will have to be moved as new haulage roads 
are introduced, to prevent the length of the gates and 
conveyors becoming excessive. 

The restrictions in construction, imposed by these 

requirements and also by the fact that the height is in 
many cases very limited, call for highly speciaUzed 
aesighi differing in inany particulars , from that of the 
ordmary industrial conveyor. 


The principle of the modern shaker conveyor i.s to have 
a length of troughing resting on roUers, each pair of which 
runs on a specially shaped path. The driving gear is so 
arranged that the acceleration during the forward part 
of the sfroke is kept down to a low value, whilst the 
acceleration is very much increased on the backward 
stroke. The coal moves forward with the trough until 
the acceleration reaches a definite value, depending upon 
the coefficient of friction between the coal and trough. 
At this point the friction of the trough is unable to 
^celerate the coal any further, and the coal therefore 
begins to slip. The endeavour is to keep the acceleration 
below this critical value for the whole of the forward 
stroke. On the back stroke the critical value is reached 
earty m the stroke and the trough therefore slides back 
^thout puUing back the coal, and thus the coal travels 
frem one end to the other of the trougliing in steps. 

The complete shaker conveyor consists of a driving 
gear embod^g the electric motor and arranged to give 
a recipro^ting motion with a very special acceleration 

ci^e to the Ime of troughs to which it is connected. 

V diagrammatically 

Fjg. 1. The crank pin is driven by the motor at a 
^om rate round the centre O, and a connecting rod 
pivots at one end on the crank pin and at the other end 
^ osciUating about a fixed 

. , A ^ ^ crank disc represent the 

pomts at which the end E of the lever reaches the two 
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extreme positions of its swing, it is obvious that the 
■distance from A to B in the direction of rotation shown 
by the arrow is much greater than the return distance 
from B to A, and since the velocity of the pin is uniform 
a longer time will be taken on the forward stroke from 
D to E than on the return stroke from E to D. The end 
of the lever C E will therefore move with a smaller 
velocity and smaller acceleration on the forward than 
on the return stroke, A long coupling rod of adjustable 
length connects the point E to the troughs, and thus 
imparts to them a comparatively slow forward motion and 
a quicker and more rapidly accelerated motion on the 
return stroke. 

Fig. 2 shows a typical velocity curve of the horizontal 
component of motion of the point E. The slope of this 
velocity curve at any point represents the acceleration, 
and it can be clearly seen that the slope and therefore the 
acceleration is greatest in the portion A to B of the 
curve. 

The first part of the curve represents the forward 
stroke of the troughing, and the ideal arrangement is 
to keep the acceleration small enough for the coal to be 
carried forward throughout the whole of the first half of 



the stroke at the same velocity as the troughs. This 
entails that the acceleration shall at no point be greater 
than g multiplied by the coefbcient of friction between 
the trough and the material to be conveyed. As soon as 
the acceleration becomes greater than this value, the 
friction between trough and coal being unable further to 
accelerate the coal, the latter begins to slip and goes on 
travelling with a uniform acceleration independent of 
the trough acceleration. 

In Fig. 2 the thick line represents the motion of the 
troughs relatively to the ground and the dotted line 
shows the coal velocity relatively to the ground, showing 
that it is moving widi a uniform acceleration and goes 
on doing so until the coal-velocity axrve cuts the trough- 
velocity curve, when the coal will again move with the 
troughs and all slipping will cease. The difference 
between the areas OAC and CDE is proportional to the 
distance (relatively to the ground) which the coal will 
travel for one stroke of the conveyor. The amount of 
travel will depend on the length of stroke, on the number 
of strokes per minute and on the method of supporting 
the troughs. It is usual to provide adjustments to 
enable the length of stroke and the relative acceleration 
at various parts of the stroke to be altered. These ad¬ 
justments may consist in having an adjustable Cxank-pin 
which can be moved nearer to or further from the centre 
of the crank disc, in adjusting the length of the lever CE 
and also, in soine cases, in pro^dding an additional side 


lever fixed to the same shaft as CE but set at an angle to 
it, and using the end of this side lever to connect to the 
troughs instead of connecting them directly to E. It is 
also necessary that the length of the rod connecting E 
to the troughs should.be adjustable. .In some cases 
springs are introduced to influence the action of the 
conveyor drive, but the same broad;principles apply. 

The troughs in the'original shaker conveyors were 
generally suspended by chains from suitable roof timber¬ 
ing, but it is now usual, and has been found more 
effective, to provide rollers running on suitable cradles 
and also to fit underneath. the troughs runners serving 
to carry them on the.top of the rollers. In some cases 
balls have been used instead of rollers, the motion of 
the ball being limited by the use of a trough suitably 
shaped to contain it. 

It is obvious that any apparatus subject to such large 
and sudden variations in acceleration must suffer some¬ 
what violent shocks. It is therefore essential that all 
parts of the gear should be especially massive, and all 
the gear wheels are made as heavy as possible in the 
space available to act as flywheels and give the motor -as 
much relief as possible from the shocks transmitted from 
the mechanism. 

It is, of course, essential that the troughs should be as 
light as possible. They are therefore made of light sheet- 
steel, and one of the most difficult problems in the use of . 
shaker conveyors is to arrange the attachment of the 
driving lever to the troughs, and also the attachment of 
each trough to the next one in such a way as to avoid 
damage at the point where the greatest stresses are 
experienced. 

For this reason a special trough is generally provided 
for attachment to the driving gear. This is called the 
driving trough ” and is strongly reinforced so as to 
distribute the strain over a large surface of the steel. 

Various arrangements of the position of the motor and 
driving gear with respect to the troughs are possible. 
Three arrangements in particular are in general use: 
The side drive, in which the driving gear is put down at 
the side of the troughing and the coupling rod is fixed 
to one side of the driving trough; the end drive, in 
which the motor and driving gear are at one end of the 
conveyor and connected to the end trough; and the 
underneath drive, in which the motor and gear are placed 
underneath the troughs. 

In the case of the side drive or the underneath drive 
the gear and motor can be placed practically anywhere 
along the length of the conveyor. For the end drive 
they must necessarily be either at the top or bottom 
end of the troughing. In some cases also it is found 
expedient to keep the motor and gear away from the line 
of the conveyor by locating them in a gate-road. The 
troughing is then driven by means of a bell-crank lever 
actuated by the gear coupling rod. If this rod is arranged 
so that its length can be varied the gear can remain in 
position in the gate for some time whilst the face advances 
and the conveyor is shifted with it. Only when the 
coupling rod has reached its maximum length will it be 
necessary to shift the driving gear. 

Face conveyors are not invaaiably used merely for 
moving coal along the face, but they are also at times 
employed to pack material in the waste for purposes of 
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roof OMitrol, and a side-discharge chute is then used. 
This is a sheet-steel chute one end of which fits into the 
wough and gr^ually carries the dirt up and round, 
discharging it sidewa]^ over the side of the troughing at 
any required point throughout the length of the conveyor. 

Whilst shaker conveyors naturally give a greater out¬ 
put when they are conve 3 dng the coal downhill, it is 
quite possible to convey coal by means of shakers not 
only on the level but even up a gradient as great as 
1 in 20, and some shakers extend to quite considerable 
lengths; 100 yards of troughs each 9 ft. long is not an 
uncommon lengthfora shaker conveyor, butit is obvious 
that the greater the length the greater the strains which 
will be put on the attachment to the driving trough, 
and also the more imperative will it be that all the 
connections from trough to trough shall be without 
play, as otherwise the cumulative effect of looseness in 
a large number of joints would throw most excessive 
stresses on the end troughs next to the engine. Various 
methods have been adopted for attaching the troughs 
one to the other, rapidity of making and breaking the 
joints, and reliability, being the chief considerations. 


plant; but under the conditions at the coal face, where 
ten or more men are filling on to the conveyor, at 
intervals of about 10 yards throughout its length, and in 
very resWcted space, the rectangular trough formed by 
&e stationary side plates and the belt render it a useful 
if mechanically crude compromise. 

If it were possible to adjust once and for all, and 
properly set up a conveyor so that the belt would run 
perfectly true, these plates might be adequate for the 
purpose, but in a conveyor frequently shifted and where 
it is quite impossible to maintain the proper alignment of 
the belt tlie wear on the edges of the belt against the 
plates destrojm it in a relatively short time. 


Belt Conveyors, 

The belt conveyor now in general use is a more recent 
development for underground work, and an extra¬ 
ordinary feature in this connection is that in its evolution 
for underground use, until a few years ago, designers 
made no use of the results of the extensive experience 
Md carefully compiled data which had been gathered 
from surface applications of this appliance. In fact, 
even to-day belt conveyors which embody defects that 
were located and eradicated in surface conveyors 20 years 
ago are still being installed. 

The design of belt conveyors for underground work is 
controlled by the same requirements of portability and 
of restricted height already noticed in the case of the 
shakers. 

The difficulties to be overcome in the use of belt 
conveyors naturally focus on providing the proper pre¬ 
cautions to ensure as long a belt life as possible. The 
belting most commonly used for underground coal 
conveyors consists of a fabric base covered with hard 
TObber, and the first conveyors of this type put to work 
faiM because of the extravagant cost due to the belt wear. 

C^ara for driving belt conveyors are not subject to 
such violent shoclcs as those used with shakers, and the 
different parte need not be of such abnormal diiriBTiginT is 
as the ^ used with shakers. Nevertheless they share 
wito all machinery used in pits the necessity of being very 
robust so as to stand rough usage! 

The ge^s are frequently made, s be entirely 
self-contained, the motor and the necessary switches 

being mounted on the side of the gear itself. 

jPte/ BeU Conveyors, 

^ On the coal face it has so far been found necessary 

to nse the flat beltrunning between two stationary plates 
of the carrying half of the belt and 

extending from end to end of tiie conveyor. This tvne 
except in isolated cases and for very special purposes ’ 
has bMn^n account pf its serious inherent defects-^ 
discarded by the modem desiiner of surface conveying 


, Trouglied Belt Conveyors. 

, Though spill-plates or side-plates are a necessary evil 
on the coal face, they are unnecessary in conveyors used 
as gate conveyors for conveying the coal from the face to 
the loading point. For this work a properly adapted 
troughed belt, as is commonly used for coal-handling on 
the surface, for grain handling and, in fact, for handling 
all raw materals in bulk, can be used. 

• The carrying half of the belt as it leaves the pulley at 
the receiving end of the conveyor is bent into a trough 
form by means of 3 or more rollers or idlers, and is 
retained in this form throughout its length by such idler 
groups spaced at regular intervals (3 to 6 ft.). After 
delivering its load tlie belt returns carried on flat rollers 
more widely spaced, as their duty is simply to carry the 
belt clear of the floor. 

^ As pit roads are only used until the area to which they 
give access is worked out, they are far from being finished 
tunnels, and a belt of this description requires very 
adequate protection from injury due to small stones, 
lumps of coal, and other objectionable materials gaining 
access to the return belt, which would carry them along 
until at the end of the conveyor they were crushed imder 
the return pulley which changes the direction of the belt, 
obviously seriously damaging the belt. Further, the 
working of the strata may make the fioor rise in an 
undulating form or even twist the road slightly out of 
line. Provision must therefore be made adequately to 
protect the return belt by means of a decking. This 
also forms the structure on which the conveyor is built, 
and by which approximate alignment is maintained. 

Approximate ^gnment’’ is stated advisedly as con¬ 
stant attention is necessary to ensure even this, but a 
properly designed troughed belt conveyor can safeguard 
its belt even when the head and tail pulleys are out of 
line by as much as 1 ft. 6 in. to 2 ft. in 100 jrards. 

There is no means of moving coal more economicial of 
I»wer than a well-designed belt conveyor. A considera>- 
tion of the belt-conveyor designer which is second only to 
toe ^nveying capacity of his plant is tonservation of 
belt life, as the cost of the belt is roughly one-third of 
i^t of the complete conveyor. For ensuring a 
Ine to the belt it is necessary not pidy that attention , 
should be given to keeping it in correct alignment and to 
protecting it from accumulation of coal and dirt, but 
also to pay attention to toe way in which the coal is 
loaded on to the belt. If lumps of coal, somethnes with 
toaip edges and comers, are dropped onto amoving belt 
toe belt must accelerate them to its own velociiy, and in 
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doing so will get the surface scratched and deteriorated The designer of driving gears for underground belt 
by the sharp projections on the coal. It is therefore conveyors is subject to the same consideration as those 
necessary to take care that the coal when delivered on to applying to surface conveyors. For face work, however, 
the belt should be already in motion in the right direction, the use of double-drum t 5 ^e driving gear is imposed. 



and as nearly as possible with the same velocity as the 
belt. For that reason special loaders, or a short length 
of shaker a>nveyor, are frequently used so that the coal 
shall be delivered on to tiie belt at as nearly as possible 
the right velocity and in the direction in vrhich the belt 
ds running.;’-; 


because as a general rule space does not permit of a single 
drum of adequate diameter or of the necessary belt sag 
On the return belt normally allowed to secure wrap ** on 
the driving pulley. The second drum of the double- 
drum gear ensures that the belt embraces the first drum 
adequately, but the risk of relative movement or creep 
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between belt and driving drum is serious, and whai it 
occurs the belt will be damaged. 

The single-drum gear (Eig. 3) which is used for gate- 
road work can be designed in relation to the belt to be 
driven and the power to be transmitted. In the iUustra- 
tion the gear is situated under the conveyor, and as a 
general rule this has been found advisable because of 
the advantages accruing from the use of smaUer h»ad 
pulley, which reduces the fall of coal into the hutches 
and further, it will be observed, tbat it permits of an 
adequate "sag" of belt on either side of the driving 
gear, thus providing a semi-automatic tensioning to the 
belt as it passes over the driving drum or pulley. 

Fig. 4 is a sectional view of a typical belt-drivhig gear. 
It ^ be seen that the motor gearbox, the driving-drum 
and the snub pulleys are built into one compact unit 
so saving space and maintaining alignment of motor 
and gearing, even in event of the foundation of the gear 
shiftmg—quite a likely occurrence underground. 


The Chain Scraper Conveyor. 

This w^ the first type to be applied underground in 

tocoun^. In the main it has been displaced by the 

It. both for face and. gate conveying; nevertheless 
where conations are wet or on adverse gradients in 
excess of 18 it still has its sphere. 

The commonest form which this conveyor takes con- 

^ rectaiular link of 
maUeable iron, about 9-mch pitch, and having flig hts 
OT crossbars attached to every third link. Tto chain 

A round a sprocket at the 

dnving hea(^which is similar to that used for the belt 

dfagging the coal along the trough 
situated under the 

trough This conveyor is capable of being run 

and is a sturdy, reliable appliance. Its inherent 
^vantegM are (a) it requires more power to drive than 
2,T “^1 breakage is lEtble to ocSr 

IS ‘^“.^tisfactorily on an undulatLJ ^ 

and (a) it is heavier to move np. ^ 

A striking comparison was r^ntly made in a case 
Iririn%h”^®" ^ belt conveyor were ZITZ 
and natiSu^® gat^road. both being the same length 

■HmA the belt which was of the flat 

belt) wasuSgToh^!'^ inefSaent type of 

_ The Drag Bucket Scraper, 

the toeSS of Jif ^ bucket faces in 

bridle to a flexible wire r^eSh • h b^**^®*^ by a chain 

in the gate-road ® ®beave 

of the b.cl»t 

face and round a sion J^N of the coal 

the haulage gear second drum of , 

of a hinged flan whiVR °f fb© bucket consists i 

iu its pattToiL fbe coal 

xutainsthecorionS^?^^^^ ^ 


it The haulage gear used in England generally consists of 
I a motor of about 26 h.p. mounted between two drums t<j 
s- which the power is transmitted by epicyclic gearing, each 

>e gear being under control of a brake. The drum pulling 
i- the rope attached to the closed end of the bucket .is 
a usually geared to about twice the speed of its neighbour, 
n As applied in this country, guide rails are laid to form 
d a path for the bucket which, travelling to and fro, would 
h otherwise displace roof props and prove a source of 

a danger. Into this patli the coal is raked by the fillers, 

g ^d at a bell signal the haulage operator draws the 

B bucket up the face by the rope attached to the closed 

end of ^e bucket; the other rope is dragged out as it 
. reced^ from the loading point. The hinged llap of the 
1 bucket mounts the coal lying in its way, and as soon as 

, It has passed sufficient coal the signal’ is given for the 

: return jouraey and it is hauled out, building up its load 

. of It goes. The process is repeated until all the 

co^ which has previously been freed by the coal-cutter 
is loaded off. 

The limitations of this appliance are 

„ A ^ 1 ““P^atively short face cau bo worked 

under Brtoh conditions, and tlierefore only a relatively 
smaU oulput can be brought to the loading point, tin J 

it It 

it ‘”™ *" 

1 fb^same time in favourable conditions a verv 

3 ^+ 0 °?“* be obtained per man-shift, but it hii 

case for thrinn compen.sate in every 

case for the added amount of '* dead work " in thn 

maintenance of additional roads and in iS increaS 

—at mining conditions, 

not so ^ underground u.se is conccnicd-aro- 

the face and supports are not required so near- 

machin^- was tainted before- 

and no?^e musTdlv^il ” disuovered. 

reward. ^ ®per and work harder for our’ 


Gate-End Loaders. 

conveyOT°on to'which^cori isTr'^^n^ lengths of 

conveyor. Theirnureo^lf delivered, say from a face 
It^hl to ditoha,^ iSl piTS, 

«.d Sr “”1“' ‘yi» 

•kt totter'’ ““"K 

use belts, both of the tron’cri,r,^ * i . *1“'^ usual to 

steel troWhi careri^rfS 
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Lantern slides showing these different types will be 
exhibited at the meeting. 

For some purposes it is of advantage to be able to vary 
the length of the loader. With a loader used to link up 
a face conveyor or conveyors with a gate belt conveyor, a 
telescopic loader, the length of which can be altered, 
obviates the necessity of daily extending the main belt, 
and allows this belt extension to be made only at con¬ 
venient intervals, say at the week-end, so that this exten¬ 
sion does not interfere with the normal cycle of operations. 

The telescopic loader has also the advantage that it 
feeds the coal on to the belt of the main conveyor, not 
from one side but directly in line with the belt and with 
the coal already moving in the same direction as the belt. 

Different Methods of Use. 

The simplest conveying arrangement is to have a 
single-face conveyor bringing the coal from the length of 
the face to a gate at one end. In some instances it is 
possible to lower the floor-level in the gate so that the 
tubs can come below the end of the conveyor, which 
therefore feeds direct into the tubs. Mining and eco¬ 
nomic conditions frequently render this method imprac¬ 
ticable, and in such cases a gate-end ’loader may be 
used to receive the coal from the face conveyor and 
load it into the tubs. Fig. 5 illustrates this arrange- 




Fig. 6.—^Showing joint application of face conveyor (shaker 
type) and gate-end loader. 


conveyed to the main haulage road. The faces in this 
case are shorter than usual, as the coal seam is com¬ 
paratively thick, providing a large output from a 
relatively short face. In this case the most modern 
practice would be to install a regenerative troughed 
belt conveyor in the gate-road, which might extend to 
700 yards or so before another main haulage level was 



Fig, 6.—Showing joint application of face conveyors and 
gate-end loaders. 


merit. The empty hutches are assembled on the right- 
hand side of the gate-road, and pass singly under the 
end of the gate-end loader, at the same time crossing 
over to the left, to be filled and taken outbye. 

Fig. 6 shows a double unit in which the face is 
moderately inclined, imposing the use of a shaker 
conveyor to the rise side of the mothergate, and a belt 
on the dip side* The loader is used in this case also. 

Fig. 7 shows a typical example of conveying from two 
faces being developed to the ris^, where the output is 


provided or a new working face started from the same 
level further along the main haulage road. 

The four foregoing examples serve to illustrate {a) a 
single unit, (&) a single unit with gate-end loader, (c) a 
double iinit using one belt, one shaker and a gate-end 
loader, and (d) a double unit using two shakers and a 
gate^belt conveyor. There are many variants of these 
typical arrangements. For example, where long faces 
are worked for the purpose of concentrating large out¬ 
puts to one point it is now common to run two or more 
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a complete train of hntcheti^tSt no 1 1 °^ 

of the output wiU take place ^ “ clearance 
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not possible to apply a simple solenoid-controlled brake 
If the solenoid is on the motor side of the blown fuse 
the motor keeps it excited, while if on the other side of 
the break it is still excited from the main supply; it is 
therefore necessary to have some arrangement of centri¬ 
fugal governor to control the mechanical brake, or to fit 
an over-voltage relay which will trip the solenoid circuit 
when the motor speed becomes excessive. 


FAULT 


460 YDS. LONG 



wound d,c. motor will, when run' over speed, automatic 
i iilly act as a brake and put power back into the line, 
but any failure of supply will, by taking the excitation 
off tlU3 a*c. motor, allow the conveyor to run away, 
itncl it is therefore essential to fit an automatic brake 
Which will be applied by a failure of the supply. In the 
case of a d.e. motor the failure of supply does not take 
alt the excitation, but if the circuit is interrupted, 
e.g, by a iu.se blowing, the speed will increase with no < 
check from the motor, and as this is still excited it is ] 


When combinations of several conveyors feeding into 
one another, or combinations of conveyors and gate-end 
loadem, are used, it is obviously necessary that means 
should be ta^n to prevent an nndue accumulation of 
coal at any intennediate point For instance, if two 
fa^ conveyors axe feeding on to one loader, and the 
latter has to be temporarily stopped, either through 
want of tubs to load into or from any other accidental 
cause, the face conveyors must also be stopped as 
otherwise the loader will be buried in co^ which it is 
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unable to get rid of. In such cases it is therefore quite 
common practice to fit distant-control switchgear so 
that the man at the loader is able to start and stop at 
will the whole of the machinery, and several systems of 
such control have been devised to meet special cases. 

Switchgear. 

The switchgear actually used varies in different cases 
from simple air-break drum-type switches with a fuse in 
each line to automatic switches embodying electrical 
interlocks and a number of safety devices, but all are 
contained in flameproof cases and are adapted to be 
mounted either on the side of the gate-end loader or on 


Mechanical interlocks are provided to ensure that the 
plugs cannot be withdrawn when the corresponding 
switch is “ on,** nor can the switch be put “ on ** when 
its plug is not in position. The operator at the loader 
has thus the three units of the plant under his control 
and can start and stop them as required. 

In the case of a number of conveyors feeding into one 
another in series, they must, of course, be started in the 
proper sequence. One of the conveyors must not begin 
feeding into another which has not yet been started; it is 
therefore necessary in such cases to provide a mechanical 
interlock between the switches so ^at they can only be 
operated in the correct order. 





Conv^or N91 
(shaker) 



Auxiliary smtch maka 
contact after Akreaks 
kefbre amin smtc// 


Fig. 8. 


skids so as to be readily movable with the rest of the 
gear. Let us take os an example one of the simple 
cases where two conveyors are feeding one gate-end 
loader. Three switches of the ordinary air-break type 
are mounted; side by side on the frame of the loader. 
The main supply is brought in to the three switches by 
means of a gland connected on to a trailing cable, and the 
two switches cpnixolling the conveyors also have plugs 
fitted to trailing cables, taking the output to each con¬ 
veyor motor. .The current to the loader motor can be 
taken through an ordinary armoured cable, since the 
motor and switch are both mounted on the loader frame 
and are never moved relatively to one another. 


I A more elaborate switching arrangement is obtained by 
substituting contactor switches with overload and no-volt 
trips for the simple drum-type switch with fuses. In 
order, however, to ensure the maximum possible amount 
of safety, combined with automatic control of the 
sequence of starting the different units, it is necessary 
to install some system of remote control by using a 
combination of contactor switches with a master con¬ 
troller, giving direct control of all the units. 

The simplest of these systems, however, requires a 
trailing cable with five cores, as a pilot wire is required 
in addition to the three conductors arid the earth wire 
in the ordinary trailing cable. 
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Fig. 8 shows diagraininatically the connections for one 
such system of remote control as applied to three units, 
say a loader fed by two different conveyors. On tracing 
out the connections it will be seen that as soon as the 
isolating switch in the gate-end box is closed the trans¬ 
former is m^e live through the two fuses shown. The 
secondary circuit of this transformer passes along the 
pilot wire to the master controller, the contacts of which 
close the pilot circuit (1) to the loader switch, (2) to 
conveyor No. 1, and (3) to conveyor No. 2. In each 
case the pilot circuit is closed through the coil of the 
operating relay, which allows the main coil to take cuirent 
and closes the contactors. 

As the loader contactors close, a small interlock 
switch which is included in the circuit of the main coil 
working the contactors of conveyor No. 1 also closes. 
This switch thus ensures that if for any reason the loader 
contactors have failed to close it is not possible to start 
conveyor No. 1. The same connections and series of 
operations are repeated on positions 2 and 3 of the 
master controller, ensuring that the loader and conveyors 
(1) and (2) start in the proper order. Before the master 
controller reaches position “ 1 it closes two contacts 
which complete the pilot circuit and excite the coil of 
the operating relay so as to close the contacts. If for 
any reason (say the loader being buried in coal) the motor 
fails to start, the overload coils will open the contactors, 
but immediately the current is off and the overload relay 
closes, the operating relay will again operate and put in 
the contactors, and these will therefore be kept chatter¬ 
ing off and on until the obstruction is removed and the 
loader motor allowed to start. To obviate this the 
completion of the first step of the master controller 
introduces into the pilot circuit an inductance so pro¬ 
portioned that it allows sufficient current to pass to 
hold down the operating relay if this is closed, but insuffi¬ 
cient to close it if it is open. This prevents the alternate 
closing and opening of the contactors if the motor fails 
to start, but it is obviously necessary that it should not 
be possible for the master controller to remain in the 
position where the inductance is not in circuit: this 
position is therefore not reckoned as one of the steps 
of the controller, and the star wheel is so arranged that 
the handle cannot be left on that position. 

As a safeguard against earth leakage a transformer 
can be supplied which, on any out-of-balancg occurring 
in the three mains, operates a coil working the overload 
relay of the loader motor contactor. 

The following safeguards are therefore provided. The 
contactors of any motor will open (1) if the pilot circuit 
is broken, the operating relay being thereby opened, 
and (2) if the con.tactors of any motor which should 
precede it in the predetermined sequence come out 
because the interlock switch comes out with the con¬ 
tactors and breaks the circuit to the following main coils. 

The pilot circuit is broken (1) if there is any break in 
the earth connection, (2) if any plug is pulled out, (3) if 
the overload or leakage relay operates, (4) by the action 
of the master controller. 

The; i^ntacts of all the plugs are , so arranged that the 
pilot wire breaks before and the earth wire breaks after 
the main contacts. If, therefore, it is attempted to 
pull out a plug when the circuits are alive, the pilot-wire 


> circuit will be broken and the contactors come out before 
, the main circuit brealcs at the plug contacts. On the other 

[ hand, the earth wire breaks last so that the apparatus 
remains earthed until after all the other connections have 
been broken. 

An auxiliary switch working in connection with each 
of the motor-isolating switches is provided in the pilot 
circuit; it makes contact after and breaks contact 
before the main switch, and thus ensures that both 
make and break take place on the contactors and not 
on the isolating switch. 

It will be seen on consideration of the above points, 
that a system of remote control can be devised which is. 
practically fool-proof, and that it is not possible to attain 
the same amount of safety except by adopting remote 
control. In particular there is one feature in any system 
worldng with hand-controlled switches and ordinary 
trailing cables which has been the cause of some fatal 
accidents. On such a system the plug at the conveyor- 
motor end of the trailing cable can be interlocked with 
the motor svatch so that it camiot be pulled out when 
that switch is on, but there is nothing to prevent its. 
being pulled out if the gate-end switch has been left on, 
and the plug therefore remains alive after it has been 
taken out and thus becomes a source of danger. It is 
obviously impossible to make sure that this does not 
happen except by some system of remote control which 
will automatically fetch out the gate-end switch when 
the plug at the far end of the trailing cable is pulled 
out, and this is one important point in favour of the 
general adoption of automatic control. 

There is one point to be noticed in the construction of 
the plugs themselves. If for any reason any of the pins, 
make bad contact in the tubes, sparicing may take place 
even when the plug and socket are properly assembled. 

It is therefore necessary that the chamber containing the 
pins and tubes should, when the plug is in position, form 
a flameproof enclosure complying with B.S.S. No. 229. 
Modem plugs are made to comply with B.S.S. No. 279* 
which ensures compliance with this flameproof require¬ 
ment and at the same time fixes certain of the dimensions- 
so as to secure interchangeability. 

The British Standards Institution have a.specification 
of a 100-ampere plug suitably designed to meet these 
requirements, and, while others exist the use of which 
is permitted, for the purposes of this paper the British 
Standard plug may be taken as typical. 

Designed primarily for use on a 3-phase alternating- 
current circuit, it is also ,used on d.c. circuits, the only 
difference being that one pin contact is omitted. 

'^e plug has four sockets grouped symmetrically in a 
cylindrical moulded insulator, which in turn is encased in 
a cast bronze housing to which the earth connection is 
made. The four contacts provide for the 3-phase leads, 
and for a pilot core when this is required. The socket 
to receive the plug is provided with four corresponding 
pins also carried in moulded insulation and encased in 
a bronze housing. The mouth of this housing contains 
a ring the internaT diameter of which is a fit for the 
external diameter of the plug. The rinig is cut axially 
to ensure a spring contact oh the plug casing, and is of 
such a depth that the plug is entered 1J in. into its bore 
before coni^ct is formed with the pins in the socket. 
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In this way it will be seen that in entering the plug 
into the socket two safeguards are provided: (1) The 
earth circuit is completed through the plug housing and 
socket, before the live terminals marry, and (2) before the 
live terminals marry a flameproof enclosure is formed in 
the contact chamber, so that if the machine be earthed 
or a fault be present which will cause arcing no danger 
of external explosion exists. To safeguard against an 
internal explosion as described in (2) blowing out the 
plug, the plug is so arranged that it cannot be entered 
into the socket so far as the contacts before a controlling 
screw is engaged in a slot provided on the side of the 
plug body. When a switch interlock is required, as in 
cases when remote control is not used, a recess is formed 
in the control screw body into which the interlock plunger 
drops when the plug is fully engaged. 

Usual precautions are, of course, taken against the 
access of damp to these plugs. In the majority of cases 
they are used in conjunction with the 4- or 6-core type, 
of cab-tyre flexible cable, i.e. 3 live cores and an earth 
core, or, alternatively, 3 live cores, a pilot core, and an 
earth core. 

It will be seen that all live contacts are adequately 
masked, and that the construction is simple and robust. 
A number of similar plugs are also used, but generally 
these are engaged by the large circular-nut principle, 
which invblves heavier and more cumbrous construction. 

Electric Motors. 

The design of electric motors for use at the coal face 
is restricted in various directions. Firstly, the dimen¬ 
sions of the motor must be kept down to such limits as 
will allow it to go into and to be fairly easily handled 
in the seam where it has to work. The height is, of 
course, the more important dimension and is strictly 
controlled by the height of the seam. Secondly, it must 
in most cases be flameproof. Thirdly, it must if possible 
stand without breaking down whatever treatment it may 
be subjected to in the hands of an operator whose 
knowledge of electrical apparatus is strictly limited and 
whose sole object is to get more and more coal, with in 
some cases, it is feared, the minimum consideration for 
the machinery which helps him. 

From the manufacturer’s point of view the motors of 
the gears must be standardized and capable of being 
made in quantities. It is accordingly the usual practice 
to make flameproof all motors for underground conveying 
in collieries, the number of collieries in which this pre¬ 
caution is not necessary being relatively small. 

The heights of the motors and gears axe restricted, 
and for the thinner seams an overall measurement of 
about 13 in. to 16 in. is common, whilst for thicker 
seams the restriction of height is, of course, less 
important. 

The length and breadth of the machines have also to 
be kept within the smallest possible limits in order that 
the minimum of unsupported roof may be exposed, and 
that the machine may be as light and as easily handled 
as possible, thus facilitating the frequent changes of 
position of the conveyor. ’ 

In pr^ent-day practice the supply to the colliery 
for which the motor must be designed is usually 3-phase. 
Unfortunately the periodicities and voltages difter con¬ 


siderably from district to district, and there are still 
a considerable, although diminishing, number of places 
where direct current is still in use. 

The motor used to drive conveyors on a 3-phase 
supply is almost invariably a squirrel-cage induction 
motor, and it is the common practice to switch the motor 
straight on to the mains without any special starting 
device. In the early days of motors being used at the 
coal face for coal-cutting and conveying, the more 
orthodox method of putting in wound rotors with slip- 
rings was generally adopted. It was found from experi¬ 
ence that the greater simplicity of the method of switch¬ 
ing direct on to the mains appealed to the colliery 
proprietors, and that when the current was taken from 
a public supply or from a private plant of adequate size 
no ill-effects arose from this method of starting. 

In many instances of motors, originally sent out with 
wound rotors and slip-rings, coming in for repairs it was 
found that, the starting resistance or switch having 
given trouble, the colliery electricians instead of having 
any repairs carried out had merely short-circuited the 
slip-rings, and thus made the machine into the equivalent 
of a squirrel-cage rotor. It is obvious that in the case 
of motors receiving the treatment usually meted out to 
underground motors it is of the utmost importance that 
simplicity should be the guiding principle of design, and 
the advantages of the squirrel-cage rotor without any 
moving contacts are obvious. Even in those cases, 
where auto-transformer startors were provided they 
were an additional complication and source of possible- 
trouble, and when any trouble arose with them it was. 
found that the usual practice of the colliery electrician 
was simply to remove the auto-transformer and only 
use the switch to put the motor straight on to the mains.. 
This method was therefore almost universally adopted 
except for motors of the very largest size, and is now 
practically standardized. 

Further difhculties to be faced by the designer are due 
to the fact that the load of all coal-face machinery is in 
many cases very intermittent, and worst of all that the 
demand to be made on the motor will vary largely in 
different places and under different conditions, and can 
seldom be even approximately estimated beforehand. 

The problem for the designer, instead of being, as is 
usually the case, to make a motor to give a definite horse¬ 
power at a definite speed and to make it as small and as 
cheap as possible, is inverted in this case, and may be 
stated thus: Given the maximum dimension which may 
be used, put into that space the most powerful motor that 
can be obtained. It is obvious that under those con¬ 
ditions a motor cannot be designed to any of the standard 
specifications, and the proper attitude for the manu¬ 
facturer (although it is sometimes difficult to persuade 
the customer to share this view) is that he is not selling 
a motor of any given horse-power but that he is selling 
complete a gear, whether for conveyor, coal-cutter or 
whatever it may be, embod 3 dng that motor which his 
experience has led him to choose as being the most 
suitable for that particular job. 

The 3-phase motors for conveyor gears are designed 
to give a stalling torque much in excess of what would 
be usual ii^ commercial motors, so as to get over the 
frequent temporary overloads thrown on them, and arer 
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frequently run by the operators at such overloads as to 
cause very considerable temperature-rise. In the case 
of 3-phase motors this temperature-rise is the only 
symptom of the motor being considerably overloaded, 
but it is possible with improved methods of insu¬ 
lation with heat-resisting material to make motors 
which will stand high overloads and high temperature- 
rise without damage to the insulation. In the case of 
d.c. motors, however, the conditions are different. In 
addition to overheating, excessive overload also causes 
sparking at the commutator, and this cannot be 
avoided. 

When a 3-phase motor has been tested at a certain 
load and is put into the hands of the colliery operators 
it can be definitely stated that it is capable of a certain 
average load, and that if it is found to be overheating 
at the end of a shift it is because it has been asked to do 
too much. 

When a d.c. motor has been tested with the com¬ 
mutator in the best possible condition and with the 
brushes adjusted by skilled testers, there is no guarantee 
whatever that in actual working conditions it can repeat 
the same load without sparking, ' The condition of the 
■commutator may have been allowed to get much worse, 
the brushes may be badly out of adjustment, and if the 
conditions in a thin seam are considered it will be seen 
that no very great blame attaches to the operator if 
these adjustments are not always kept at their best. 
Further, on account of the indefinite and intermittent 


load only a hit-and-miss type of adjustment is possible 
while the machine is actually at work. The fact that 
■ever 3 rthing has to be kept down in size and at the same 
time that the whole of the motor casing must be flame¬ 
proof makes it exceedingly difficult to make the com¬ 
mutator really accessible, and when manufacturers put 
forward claims of accessibility for their machines it 
has to be remembered that the term is relative. Whilst 
accessibility may be quite rightly claimed for some 
machine because it is better ttian in competing machines, 
nevertheless in a commercial motor where all the above 
restrictions were absent the commutator would be Con¬ 
sidered very inaccessible indeed. If, added to this, it is 
considered that the work of adjustment must be carried 
out at the face with perhaps only 18 in. between floor 
and roof, and also that whilst actually at work the 
machine must be totally shut up so that what sparking 
occurs can only be seen through small peep-holes, it 
will be realized that it is next to impossible that the ^ 
motor should be working under its best conditions. It 
follows from this that the problem of driving coal-face 
machmery electric^^ is easier on a 3-phase than on a 
d.c.;SUI)ply.V. 

• ^^Ithough, can easily be seen from iiie above con¬ 
siderations, it is hot possible to make motors for con¬ 
veyor work which will comply with the requirements of 
standard specifications so far as heating and electrical 
qualities are concerned, there is no difficulty in complying 
with all the requirements for flameproof enclosure con¬ 
tained in the British Standard Specifications for flanie- 
proof enclosure (No. 229) and for motors for use in mines 
{No. 270). Such flameproof ehclosurb must of necessity 
be provided whenever the motor.is to. be used in a fiery 
mine, and apart from any danger of explosion the shell 


must be strong enough to give the working parts reason¬ 
able protection against mechanical damage from falls of 
roof and similar accidents. 

Economic Advantages. 

The economic advantages of mechanical conveying fall 
under two different heads. There is a definite saving 
in the number of men required to clear a face when 
mechanical means of conveying the coal are provided, 
and, as will be seen from some of the actual examples 
given below, this saving more than compensates for the 
depreciation and interest and running costs of the con¬ 
veyor; but very much more important than this is the 
saving realized when mechanical conveying is combined 
with mechanical coal-cutting, due to the totally different 
organization of the intensive working imposed by these 
mechanical aids. 

The concentration of the output from a much smaller 
number of faces is a matter of great importance. The 
output from very much longer faces can be brought to 
one mother gate-road" when worked mechanically 
than is possible in the case of hand work, and the savings 
effected by this concentration are extremely important. 
Not only does it mean a very greatly decreased cost on 
keeping open roads which can now be much fewer in 
number, but there is also a definite advantage, and in 
places where the roof is tender a very considerable 
saving is frequently realized from the rapid and per¬ 
fectly regular advance of the face which effects a I'educ- 
tion in the cost of timbering, as much of the timber can 
be extracted and used again as the face advances. 

Instead of working more or less at haphazard the 
transport of coal can now be definitely organized, much 
in the same way as the transport of manufactured articles 
can be organized in a mass-production factory. The 
same cycle of operations is carried put day by day and 
every man knows exactly what he has to do. In a 
properly organized mine the operations are exactly 
repeated from day to day and a regular advance of the 
working units of face may be relied upon. In the place 
of ten or more gate-roads to a working face, to which 
the coal must be cast and at which the tubs must be 
filled, then to be pushed by hand to the centre or mother- 
gate, in which a subsidiary haulage is installed to take 
the tubs to the main haulage, the centre .or mother- 
gate suffices for loading, and the labour of casting the 
coal back to the gate-roads and pushing the tubs to 
the haulage, attaching them tliereto and detaching them, 
a,gaiii to attach them to the main, haulage, can now be 
eliminated. 

The labour entailed in turning over coal which lias 
been cut by a coal-cutter from, the face on to a face con¬ 
veyor is naturally less, arduous than that expended in 
the casting and tub filling as dos6ribed above; and on 
a properly organized conveyor face the output per filler 
is, as a result, at least doubled. Further savings are, 
in favourable circumstances, effected by the reduction 
in the number of gate-roads required to the face, though 
in some cases it is still necessary to extend the work 
applied to these roads, to gain material to build pack 
walls to control the roof under the changed conditions. 
Offset - against, these -savings is the cost of mpvihg up 
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the conveyors to follow the face advance, interest, 
depreciation, maintenance, and power costs on the 
plant. The latter charge, in a few isolated cases where 
gate-road troughed belt conveyors are used, has been 
considerably modified; when the workings are going up 
an appreciable incline, regenerative conveyors are used, 
^d power proportionate to the output is put back into 
the line. A case of this kind where the entire oul^ut of 
a colliery, amounting to. 3 000 tons per day, is being 
brought down the hillside from the mine, shows the 
remarkable regenerative capacity of 60 h.p., which, 
taken over a year's working, should approximate to a 
saving equal to the total depreciation and maintenance 
of the entire conveyor plant. 

The old method of longwall working is illustrated in 
Fig. 9. A longwall face was opened out; its length 
was indiscriminate, but generally speaking it had a 
mothergate into every 100 yards of face, running 
obliquely to the mothergate were cross-cuts, and at 
intervals of about 46 ft. were gate-roads joining it to 
the face. These cross-cuts were driven through the 
waste at intervals so as to limit the length of the 
gate-roads. 

When the coal was hand-won, the face was often 
allowed to develop according to the capacity of the 



Fig. 9. 


individual hewer; he hewed his coal and cast it to the 
nearest gate-road (i.e. a maximum of about 26 or 30 ft.), 
which would sometimes under difficult conditions entail 
three casts. At the gate-road a boy was employed 
whose duty it was to fill the hutches and push them down 
the gate-road to the main haulage. Fach gate-road 
had to have a rail track laid in it, and had to be main¬ 
tained at adequate height to allow i^e loaded trams to 
pass; this entailed brushing, and again in. most cases 
back brushing; i.e. cutting up into the roof or cutting 
down into the floor. The gate-roads in most cases had 
to be propped by timber. At the mothergate the hutches 
were marshalled by pony boys, who gathered therh from 
tlie gate-roads and pulled small trains to the haulage. 
If the gate-roads were on an up gradient the hutches 
had to be pulled out to the mothergate by ponies also. 

The average output of a hewer in a 34t. seam under¬ 
cutting by hand and drilling and firing his own shot- 
holes was generally in the neighbourhood of 6 tons per 
shift, say 0 • 84 ton per yard of face, i,e„ one hewer 
could deal with about 7 yards of face per shift- A 
comparison oh these assumptions ,of the working of a 
face lOQ yards long by the old hand-working methods 


as compared with mechanical coal-cutting and conveyors 
is given below:— 

Man-shifts 

Hewers (getting the coal and casting to gate) 14 
Drawers (filling the tubs and pushing them 
to mothergate) ,. .. .. .. 14 

Train marshal (getting tubs into small trains) 1 

Pony drivers (pulling trains to main haulage) 3 

Haulage attendant . .. 1 . 

Fireman . .. 1 

Brushers (road maintenance) .. .. .. 7 

41 

These figures are for 84 tons of coal, making the 
weight per man-shift 2 • 05 tons. 

Comparing the above hand-worked face with a similar 
face 100 yards long worked with a coal-cutter and con¬ 
veyor, the seam being 3 ft. wide and the coal-cutter 
undercutting 4 ft. 6 in., the output will be about 1 • 4 tons 
per yard of face (the coal-cutter undercutting deeper 
than is possible by hand). When filling cut coal on to 
conveyors a man can comfortably load 15 tons in an 
8-hour shift, and the number of men required will be:— 

Man-shifts 

Coal-cutter attendants ] f 2 

Hole driller ► getting the coal .. 1 

Shot firer ^ [ 1 

Fillers (shovelling on to conveyor) .. .. 10 

Conveyor attendant . . .. .. .. 1 

Tub loaders .. .. .. .. .. 2 

Train marshal .. .. .. .. 1 

Conveyor shifters .. .. .. .. 3 

Fireman . . 1 

Brushers .. .. .. .. .. 6 

29 

The weight of coal in this case is 140 tons, making the 
weight per man-slxift 4*83 tons. 

These figures are typical of the savings that can be 
made by changing from hand-working to mechanical 
working, and. indicate the economies which can be 
realized with the best conveyor practice; in favourable 
cases the above figures can be improved upon. It has 
not been found possible to give actual figures of any 
given c^e of change-over; in most collieries the process 
of changing is gradual and extends sometimes over a 
very considerable period of time, and colliery records 
are not usually kept in such a way as to make the required 
figures readily accessible, even were the management 
willing to disclose them. 

The economies additional to those derived from the 
increased output per man employed depend on obtaining 
a greatly increased output delivered to the main haulage 
at one point. It can readily he seen from the above 
exsimples that the more fillers can be employed as one 
unit the better wiU be the ratio of fillers to the day 
workers, i.e. to the oncost men. 

In the comp^ison given above it will be seen that the 
elimination of all the gate-roads, the conveying being 
done along the mothergate only, has decreased the 
number of brushers required. In addition to these> 
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however, the concentration of output may result in 
ha^g to keep open a much shorter total length of main 
roads, it nmy result in getting the whole output required 
from one distnct instead of two or three, with a very 
•coMiderable saving on maintenance of roads. 

The authors encountered an extreme case not long 
ago where an old colliery was turned over from hand- 
wnmng to machine-cut and machine-conveyed coal’ 
before the introduction of machinery the working f a r es 


survey lines show clearly the rate of advance of the 
working faces. Where the survey lines appear close 
together the coal was got by hand; the intermediate 
stage where the lines become straighter and wider 
apart, with a number of roadwa 3 rs (shown by dotted 
lines) to the face, show the start of coal-cutting. The 
widely-spread surveys with only two roads, one at each 
end of the face, illustrate vividly the speeding-up 
resulting from the application of a single-unit conveying 



Basaltic iktrusions. 


totaled 2 miles in lengfh and were scattered over several 
distacts. Three 100-yard faces equipped with conveyor 
started, and the rest of the pit was laid idle. 
Wrf^ three weeks the ouiput of the colliery was normal 
and the ou^ut per man employed above and below more 
■than doubled. Before the introduction of machinery 
mOTe men were actually employed on road maintenance 
and trans^rt than on hewing coal. 

concentrative effect of 
the apphcatiomof coal-cu^rs and conveyors is shown 
In Fig. 10, which IS an actual colliery plan; the quarterly 


system. Fig^ n is a drawing to a larger scale of two 
sections of the same plan, showing the hand-won and 
machine-won faces. 

With the introduction of concentrated mining, im¬ 
portant res^ch on road-making and maintenance has 
Men sta^d and tte science of mining has naturally 
devdoped along lines which will assist the reliable 


«ie ou^ut regularly and without interruption from 
acadents to the main roads. In many cases where 
roadways were maintained only at the cost of repeated 
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back-brushing (i,e. heightening) and re-timbering, it is 
now possible so to construct the roadway in the first 
instance that it will remain in reasonable working con¬ 
dition until the area is worked out. 

Taking all the savings which can be effected by chang- 
ing-over from hand-got to machine-got and machine- 
conveyed coal, it may be said that savings as great as 
50 per cent in the cost of the coal at the pithead have 
been realized in favourable cases, whilst a saving of 
56 per cent is not uncommon. 



thick seams worked in the United States the case is 
different, and conveyors can be economically installed 
even in room and pillar workings. 

The following description of what is probably the 
longest underground conveyor in use an 5 rwhere is 
included, not as being t 5 rpical of what can generally be 



Fig. ll.^Two sections of the colliery plan shown in Fig. 10, drawn to a larger scale. 


All the above examples relate to workings on the long- 
wall principle in this country. So far ho economic 
advantage has been possible from installihg a system 
of conveyors when the workirtgs are pillar and stall, 
since in pur comp^atively thin searhs the output from 
any place is not sufficient to justify the first cost and 
upkeep of a conveyor. In many of the comparatively 


economically accomplished by conveyors, but to show 
how special circumstances may make it advantageous 
to use conveyors in a way which would ordinarily be 
considered quite abnormal. From a coal mine in 
America an output of 8 600 tons a day was required to 
be loaded into barges on a river at a considerable distance 
from the pit; difficulties in obtaining the necessary way- 
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leaves, and engineering difficulties due to the unstable 
nature of the river bank, made it inadvisable to carry 
. this output above ground. Extending from the mine to 
the river, however, was another coal mine which was 
practically exhausted, and two roads ran from the new 
pit to the river bank, a distance of over 4 miles. The 
question was considered of widening and improving these 
roads, which were in a bad condition, to malce them 
suitable for electric locomotive haulage, but the cost 
and the difficulties of handling the number of cars 
which would be required for this output eventually 
resulted in a system of belt conveyors being installed 
along one of these roads, thus allowing of the full out¬ 
put being conveyed in one comparatively narrow road, 
the cost of preparing and maintaining which would be 
only a fraction of what would have been required had 
the electric locomotive scheme been adopted. Twenty 
belt conveyors work along this road in series, i.e. there 
are 20 complete units feeding on to one another to form 
one conveyor. The longest conveyor is 504 yards, but 
varying lengtlis are required, as tlie old roadway is not 
straight; the average length of the conveyors is about 
400 yards. The conveyors are of the troughed belt type, 
the belts being 48 in. wide. Very special consideration 
had to be given to the belt carriers so as to reduce friction 
to a minimum. The importaiice of this will be realized 
when it is considered that the number of carriers in the 
total length of conveyor amounts to 6 600. Every bear¬ 
ing throughout all the installation is either a ball or a 
roller bearing, and special arrangements have been made 
for regular lubrication. The motors driving the con¬ 
veyors are situated in rooms constructed at each side of 
the road, and the power supply is at 2 300 volts, 60 cycles, 
the motors runhing at 900 r.p.m. 

As the result of actual working it has been found that 
not only was the initial cost of the belt conveyor system 
less than that of locomotive haulage, but there is also a 
considerable saving in running costs. 


Conclusion. 

It is hoped that this paper will prove of value in 
indicating to electrical engineers the progress which lias 
taken place in recent years in the mechanical handliii|? of 
coal underground. Broadly speaking, European con¬ 
ditions have been covered by it and there is no doubt 
that the best-equipped collieries in Britain now compare 
favourably with any European colliery on the basis of 
output per man employed. 

Since 1918 the number of underground conveyors in 
use in this country has increased more than 5-fold, nnd 
tlie rate of progress is still increasing; it is not an over¬ 
statement of fact to say that conveying is one of the 
most important developments in coal-mining, and tliat 
the economies accruing thei*efrom are, as yet, only 
partkilly realized. 

In one sense the concentration of the whole output of 
a district on to one or two faces, with an intensive con¬ 
veying system, may be open to the objection that it is 
putting all one’s eggs into one basket, and it is true tliut 
any serious derangement of the conveyor sy.stem 
temporarily stop the whole output, but it is* submitted 
that it is better to put all one’s eggs into one big basket 
which has been constructed on engineering linos to begin 
with, and which is of such vital importance that it is 
necessarily under the constant supervision of the manage¬ 
ment and staff, than to scatter them into a dozen small 
baskets which are not under close supervision and any 
of which may have been leaking eggs for a considerab^le 
time before their defects are realized. 

The results of using underground conveyor systems <^ii 
a large scale leave no doubt as to the big basket being 
the best in this case. 

The authors’ acknowledgments arc due to the South 
Wales Institute of Engineers for permission to reproduce 
some of the illustrations which had already appeared in 
their Pmeedings, 


Discussion before The Institution, 11th February, 1932. 






Mr. J. Wa3me-Morgan; Wliile I agree with the 
authors that machine mining would greatly improve 
the output per man, my own experience has been that 
there is a great deal of opposition to it, both on the part 
of the managements and on tliat of the men. The 
inteoduction of mechanical conveyors and coal-cutting 
will probably entail an entire rearrangement of the price 
lists, and a manager who has a good price list objects 
to having to meet the men’s committee to reaixange it, 
paxticulaxly as the introduction of something new will 
probably encourage the men to insist on better terms, 
A good collier quite capable of earning his living 
wherever he has to work, whereas the introduction of 
machine mining and especially of machine conveying 
means that the whole output of the coal face has to bp 
pooled, and the good min^ has to work harder to make 
up for the deficiendes of ^t^^ When all the 

coal is put into conveyors the colliery manager is unable 
to detect the miner who loads small or dirty coal. I 
have found that these objections are very hard to over¬ 
come in South Wales, Although we have tried in several 


cases to introduce conveyors and coal-cutters, we htLve 
always been prevented from doing so by the fact that 
if machine mining is to comb into general use it must 
be backed up by good team work, which is very hard 
to get. Unfortunately, in the early days of coal mining 
in South Wales the only point taken into consideration 
was which seam could be reached first and which would 
give the best results financially. When a good se^tm 
was found mining engineers did not care what was 
above or below it; they got out tlio coal without ever 
thinking of the future. Ninety per cent of tlie rubbish 
in the big tips scattered over tlie Welsh valleys to-day 
ought never to have been brought above ground, and it 
never would have been if the mining engineers of those 
days had looked ahead a little. The result is that 
nowadays when we have to work seams above or below 
those which have been worked and not packed, we have 
great difficulty at the face in keeping the roof up. 
Although machine conve 3 dng and machine mining call 
for the longest face possible, it is extremely difficult ±o 
get a good face owing to die bad mining work done in 
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the past. With regard to the future of conveying, I 
think the belt conveyor will be the most popular in the 
future. For one thing, it is much more silent that other 
types, and the collier objects to anything which prevents 
him from hearing the slightest movement near his 
working face. At first we had considerable trouble with 
the belts for these machines, but the quality of the belts 
has recently been improved and *they will now last 
several years. It is important to ensure that the belt 
tension is kept as low as possible, and in this connection 
a useful arrangement to adopt is that of a tension pulley 
with a spring device attached. Finally, if we are to 
have machine mining we must have much better lighting, 
and there are many types of electric lamps now on the 
market which could be used for this purpose, 

Mr. J. A. B. Horsley: The following figures show 
the use made of conveyors and loaders in British mines 
in 1930. There were 483 mines using 4 200 conveyors 
and loaders, 2 060 of these being driven by electricity and 
2 160 by compressed air. The distribution as between 
electricity and compressed air varies very much with the 
coalfield. In Scotland, out of a total of 829, 796 were 
driven by electricity and 33 by air. For England with 
North Wales, out of a total of 2 389, 1 242 were driven 
by electricity and 1 147 by air. In South Wales, out 
of a total of 982, 12 were driven by electricity and 970 
by compressed air. In the North-Western Inspection 
Division, which includes the important coalfield of 
Lancashire, only 10 per cent of the conveyors and 
loaders were driven electrically. In Yorkshire the 
corresponding figure was 36 per cent. The authors 
state that squirrel-cage motors switched straight on to 
the line are used almost exclusively for coal-face 
machinery where alternating current is available. It 
is interesting that this came about from the reluctance 
of the users to keep in repair starting resistances and | 
auto-transformers. The limitations of space at the 
machine are severe and therefore it is advantageous to 
use remote-control starters, which reduce the risk of 
shock and of explosion because the less frequently 
apparatus requires to be opened or attended to, the less 
likelihood is there of accident. The drawback from 
which the d.c. motor suffers is obvious, not only in 
manual starting but also in the application of auto¬ 
matic control and electrical interlocks. While it is true 
that alternating current predominates in this country, 
direct current is still extensively used. Some 20 per 
cent of the total horse-power of electric motors installed 
in mines in Great Britain is still served by direct current, 
and for Scotland (the scene of the most active develop¬ 
ment of machine nnning, at any rate in the past) the 
corresponding figure is between 30 and 40 per cent. 
From time to time fears are expressed in influential 
quarters as to the risk of explosion to which the work¬ 
men are exposed through the use of electricity at the 
coal face. For the 10 years ending 1929 there were 
16 explosions attributable to electricily, causing the loss 
of 38 lives; these figures compare favourabiy with corre¬ 
sponding-data from abroad. As the authors niention, 
it is not difi&cult to design equipment that is flame¬ 
proof initially, but the problem of adequate maintenance 
awaits soluti^on at the hands of the users. 

Mr; D, B. Hoseasbh : X agree that in general the 

71./rv-/,: 


belt-type conveyor produces the best results when 
operating in the gate roads. For use on the coal face, 
however, I should like to illustrate the principle of a 
special t 3 q)e of scraper conveyor (see Fig. A). The chain 
supporting the cross-members travels along the coal 
face, dragging the coal with it, and then travels back 
in the other direction in the vertical steel channel. 
Actual experience of the working of shaker, belt, and 
this type of conveyor shows that the individual “ fillers 
are able to deal with a longer face when operating with 
this conveyor than with either of the other two, because 
this type obtains its loading vertically by gravity. The 
coal is got by operating on the face with a pick instead 
of by shovelling and lifting, as with belt and shaker 
conveyors. Gravity really constitutes the loader, and 
therefore the labour necessary is much less than with 
the other types. Moreover, in setting up the shaker 
conveyor or the band conveyor one must leave a mini¬ 
mum of 2 ft. between face and conveyor: thus the filler 



works at first in a very cramped space, lifting the coal 
and shovelling it into the conveyor. As the face recedes, 
however, the loading distance increases and at the end 
of the shift the coal has probably to be moved as much 
as 6 ft. This point was brought out by one of the 
photographs shown by the authors. In the case of Ihe 
scraper conveyor, the conveyor trough is jacked steadily 
forward as the face recedes. While I agree that the 
power requiredi for working the scraper conveyor is 
appreciably higher than for belt conveyors, I do not 
thiT>k that the power consumption per ton of coal raised 
is seriously affected by the conveying equipment. I 
can assure Mr. Wayne-Morgan, moreover, that the 
amount of noise emitted from a scraper conveyor is 
negligible. Most of the noise near the coal face is usuaUy 
contributed by the loaders. My second point, with 
regard to motors for driving conveyors and gate-end 
loaders, is to emphasize the authors* statements con¬ 
cerning mechanical construction. Practically every¬ 
thing else in the design must be subservient to the 
mechanical features of the equipment, and it has been 
interesting during the past 18 months to watch the 
development of what has become known as the steel 
barrel ** motor. Fig. B shows one of these machines. 
It is made from steel boiler-plate, and consequently 
will not crack under a fall of roof. One advantage of 
the steel frame is that it enables electric welding to be 
us^ by liie colliery authorities, and it is generally left 

' 11 ^ 
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to the colliery staff to weld on fixing appliances wherever 
they may need them. It will be noted that the lamina¬ 
tions are mounted direct in the carcase with a view to 
dissipating the heat as effectively as possible, in order 
to reduce the size to an absolute minimum. The bearings 
of this class of motor are also of considerable importance. 
In order to obviate the possible entry of dirt and dust 
into the ball and roller bearings these are enclosed in a 
cartridge housing independent of the end plates of the 
machine. The object is to enable the dismantling and 
inspection to be done without exposing the bearings to 
atmospheric conditions. In conclusion, I feel that the 
use of conveyors below ground should be developed as 
rapidly as possible, because the more conveyors we use 
in mini^ the fewer lives we endanger in obtaining the 
coal which is required. Although temporary unemploy- 



Fio. B.— Cross-section of a " steel baiTcl ’’ conveyor. 


ment may arise, the more extended use of machine 
mining must ultimately lead to a healthier and a wealthier 
nation. 

Mr. H. C. Jenkins: Contrary to the statement on 
page 146 that the first shaker conveyors in Germany 
were operated by boys, I have a record of the fact that 
in 1899 the Zwickauer Oberhohndorfer Steinkohlen- 
bauverein were tlie first to introduce a shaker conveyor 
hung on chains, and that this’ was operated by a small 
si^le-cylmder air engine, fitted with a flywheel. No 
further development was made in this direction until 
about the year 1906, when advances took place in both 
Gem^y and Belgium. The earliest record I can trace 
Of a^tmy being employed to work a shaker conveyor by 
^ reference to some shakers in use on the Rand 
in 1908. I should like to ask the authors how they 
propose to use an end drive at the bottom of the con- 
page 147: I had always under¬ 
stood that this could only be applied at the top of the 
conveyor. On page 148 they state that shakers have 
oera, used for conveying coal up a gradient of 1 in 20 
but I have actually seen 40 tons per hour delivered up 
^ ® ^ ^ ^ Shaker conveyore up 

to loO yards long axe working satisfactorily to-day. As 

regards the statement on page 148 that the first belt 
failed because of the extravagant cost due to 
^It^weax, 10 years ago if a belt lasted 6 to 7 months 
_Mer c(^-face conditions it was considered to be satis- 
methods of construction both 
toelt and of the mechanical part of the gear 

I*® authors maation that special loaders or 
short lei^^ shaker conveyors axe frequently^ 


r to deliver on to the gate belt. While this is technically 
con-ect, not more than 10 or 15 per cent of the gate-belt 
) conveyors at work in this country adopt thi.s nuitlmd. 
r The modern tj'pe of tension drum is usually moved up 
> each day. thus doing away with the addeti o.vjiense of 
the special loader. I do not agree that a ilouble-drurn 
: tjqie driving gear is a necessity for face work, as there 

, are a larger number of special single-tlruin driving gisirs 

working on the coal face to-day the tlesigii of which i.s 
so arr^getl that “ creep ” between the belt and driving 
drum is eliminated. A.s to the authors' view (page lf>(() 
that only chain scraper conveyors ran be H.sed on 
gi-adients in exce-ss of 18°, 1 woidcl point out that belt 
conveyora are working to-day on graiiicnts of 20'', and 
it a chain scraper will work on such a steep gradient 
I am quite sure that a belt conveyor will convey tiu* 
coal more economically on the .same gnidient. Belt 
conveyors are also rvorking under wet conditions, being 
fitted with a .special device to overcome tlie tendency 
to slip on the driving drum. It is economically mncii 
better to u.se a belt conveyor, as experience has shown 
me that the horse-porver necessary to work the latter is 
only one-fifth of that required to operate a chain scraper, 
'rhe shaker driving gear with a Ijell-crank arm shown in 
Figs. 5 and 0 is surely Irecoming out-of-ilate. owing to 
the difficulties which it involv&s. Of the total nnnd»er 
of shaker conveyors employed in this country only a 
small percentage cmtaly this type of ilrive. I am not 
clear about Fig. 7, which shows a gate conveyor 24<» 
yards long with a balamxs arrangement fitteil to tlie 
driving engine. Is this 240-yartl shaker g.ite t:unvt'yi>r 
driven by a single engine? As reg.anls .switchgear 
(pages 15.7 and 154), while I agree tliat Ihu jiusli-btitton 
type of control is the ideal, owing to the heavy expense 
involved very few of these equipments are actually in 
use. ^ Could the authors stiite what relation hetwiam 
starting torque and ninning torque they litwl raeist 
satisfactory for use with the conveyor motors they are 
installing? Regarding the relative merits of a.c. and 
d.c. motors for driving coal-face inachinery {pjige 155), 
in many cases it has been found that collieries fitUsi with 
d.c. plant have had a longer e.\perience of undergronml 
machine mining and their officials are giving the equip¬ 
ment better treatment, I should like to know whether 
the authora can confirm this from their experience, 
nie case mentioned on page 158. where a colliwy was 
changwl over in 3 weeks from hand to machine mining, 

IS surely a very exceptional one. As a rule it takes from 

o 2 years to effect such a change-over in connection 

with alarge colliery. The Frick conveyor installation in 
the Umted States (see page 159) is surely an exact dupU- 
cate of a standard surface installation put into a .special 
tunnel under^ound. In tlieir Conclu.si<m the authors 
suggrat that the u.se of an intensive conveying system is 
like putting all one's eggs into one ba.Hket a large 
companies are, however, fully satis¬ 
fied that tae modern belt conveyor is sufficiently reliable 
to do this. I know of cases where underground belt 
conveyors have been at work from 1 to 2 years without 
Stoppage. In many instances they 
Mtitute the most reliable form of underground trans¬ 
port, There is no doubt that British manufacturers 
have given a lead in underground belt-conveying, par- 
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ticularly to Continental and American mines* Perhaps 
this type of conveyor has been more applicable to onr 
own than to foreign conditions; the more extensive nse 
of electricity underground in connection with longwall 
working has also aided the development of British 
conveying equipment. 

Mr. A. R. Cooper {communicated): It is suggested 
in the paper, and is certainly borne out in practice, that 
the overall dimensions of a driving unit should be kept 
as small as possible. The compression of a driving unit 
into the smallest possible space has, however, a number, 
of attendant disadvantages. For instance, I suggest 
that instead of a motor being built integral with its 
gearbox it should be connected to it by a simple coupling, 
or a universal joint, so that by removing three bolts, 
or, better still, a single pin, it would be possible to 
disconnect the motor from its gears. This arrangement 
would possess the following advantages, {a) It would 
remove the danger of oil working back from the gearbox 
into the motor. (6) It would facilitate the changing 
of motors in the eyent of a breakdown, (c) It would 
enable the electrician to determine in the shortest 
possible time whether the trouble was mechanical or 
electrical. This would be a decided advantage where 
shaker conveyors are used, for when a conveyor of this 
type breaks down the trouble is usually due to driving 
rods hitting the floor, conveyor pans becoming fast, or 
bearings becoming seized up. I should like an expression 
of the authors- opinion regarding overload protection. 
The high-torque squirrel-cage motor is undoubtedly the 
most desirable form of prime mover for underground 
conveyors, but it has the disadvantage that high starting 
currents are taken from tire line. To cope with these 
peak currents it is necessary either to fit the solenoid 
type of overload protection with long time-lags or to 
set the protective devices to trip at abnormally high 


values. In practice it is usually found that this type 
of overload device is set to operate at current values as 
much as 160 per cent in excess of the normal working 
load, making it possible for a motor to work .with a 
continuous , overload of about 100 per cent without 
cutting off the supply. Would the thermal type of 
overload, if it could be suitably applied, solve this 
problem ? With reference to the interlocking of con¬ 
veyors, is it not probable that by taking such pains to 
make the electrical apparatus foolproof we are intro¬ 
ducing a number of disadvantages ? The whole purpose 
of interlocking two conveyors and a loader is to prevent 
the conveyors delivering their coal on to the Ipader belt 
when it is at rest. In practice we almost invariably find 
that there is a workman near the face-conveyor driving 
unit who can stop the machine as soon as the loader 
stops. If a little coal is spilled it is rarely a serious 
matter, as it can be cleaned up by hand at the end of 
the shift. By cutting out the interlocks on a system 
of nature the switchgear would be considerably 
simplified, there would be fewer contacts and less winng 
to give trouble, and the location of electrical faults 
would be considerably facilitated. The class of switch- 
gear described in the paper will do, and undoubtedly 
does, all that is claimed for it, but when it has to work 
in atmospheres so humid that every switchcase is wet 
with internal condensation, when a fault on the interlock 
wiring can shut down all three machines, and when this 
fault has to be located by the type of underground 
electrician prevalent a few years ago, I should certainly 
prefer Ihe simplicity of three standard conveyor controls 
with the possibility, if the worst occurred, of having to 
dig out the loading end of a gate-end conveyor. 

[the authors* reply to this discussion will be found 
on page 167.] 


North-Eastern Centre, at Newcastle, 8th February, 1932. 


Mr. S. Bums: The general adoption of intensive 
machine mining has enhanced the difficulty of transport¬ 
ing coal from the face to the haulage landings, owing to 
the resultant rapid rate of advance of the working faces. 
The ultra-modem appliances described by tlie authors 
represent only the beginning of the struggle to overcome 
the increasing difficulties of mining thin seams of coal 
not worked by preceding generations. I am surprised 
that the paper does not include among the advantages of 
machine mining absence from electrical and mechamcal 
breakdown. In designing conveyors the problem is, to 
rectify faults without at the same time introducing 
others which are just as troublesome; for example, a real 
danger was removed by enclosing the lower belt of a 
belt convejror to prevent spillage on to it, with the result 
that when a fracture of this belt does develop its location 
and repair are rendered more difficult than ever.^ I 
suggest that the manufacturer of machine-mining 
equipment should resist the natural temptation to be 
continually effectmg so-called improvements ** to the 
detail design of his plant; that he should keep a; properly 
indexed record of complaints on the one hand and of 
renewals orders on the other; and that only those parts 


should be modified in regard to which complaints have 
been justified by replacement orders. Although fre¬ 
quency standardization is not mentioned in the paper, 
it is important that coal-face machinery sold into this 
area during the next few years should be suited for 
operation by 40/60-cycle inter-frequency motors. The 
gears and other power-transmission arrangements should 
be so designed that an ultimate 26 per cent increase of 
motor speed will not necessitate troublesome structural 
alterations. 

Mr. G. Clephan: The authors state that by means 
of shakers it is possible to convey coal up a gradient as 
great as 1 in 20, but while I agree that this can be done 
I feel sure that uphill conveying is not a commercial 
proposition. What are the practical Umits of use of 
shaker conveyors? In my opinion, except where the 
^adient is regular and approximately 1 in 18 in favour 
of the Toad, or steeper, the belt conveyor is a better 
proposition* The modern improvements in belt- 
conveying have restricted the field of use of the shaker 
conveyor to conditions highly favourable to it, and its 
application is gradually becoming more and more 
restricted. According to the authors* opening remarks, 
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^It conveyors stiU embody defects that were eradicated 
from su^ce plant twenty years ago. I should be glad 
of some further information on this point, as many of the 
surface belts running in colUeries to-day are, I consider 
worae feom tte engineering point of view than anything 
of tte kind I have ever seen underground. With regard 
to the life of face belts, I should welcome any information 
as to the progress of research on rubber belts. Why 
do the authors condemn the use of flat-belt conveyors 
except at the coal face ? Although 1 agree that the flat 
belt IS not so perfect as a troughed belt, in practice the 

diff^enceisnotsomarkedastheysuggest. Ihavefound 

ttet troughed centre-gate belts require much more 
action and alignment than is indicated in the paper, 
Wiii regard to the loading of coal from one conveyor to 
potter at right angles, what do the authors consider 
to be the most satisfactory method, apart from the 
use of a telescopic scraper loader? Also, what is the 
maximum length over which it is economically possible to 
convey cod with belts ? Has this length increased since 
the Erick installation was laid down in the United States ? 
I consider that in the colKery of the future the coal will 
be ^nveyed to the shaft bottom on belts. With regard 
to tte question of remote control of conveyors, it would 
be interesting to know whether any reliable data are vet 
available as to the first cost and maintenance of the two 
systems. While underground conveyors have manv 
economic advantages, without the necessary organization 
behmd it no conveying system can be made a financial 
success. The collieries are handicapped in this direction 
because the staff has to be built up from the beginning 
from unskilled labour, a fact which is often ignored by 
both the manufacturer of conveyors and the 
engineer. 

Mr. R. W. Atonn: Five or six years ago the mining 
^nufactumg industry ridiculed remote control, yet it 
w now preferred to a system of switch-fuses, I shoiild like 
to see the use of switch-fuses entirely abandoned, paxticu- 
doubtful whether they meet the requirements 
of the Memorandum on the Regulations as to the use of 
Electacity in Mines, which calls for a piece of apparatus 
^pable of isolating toe supply under all fault conditions. 
Of toe multi-panel system of control. I would say that 
this IS developing on lines which wide experience suggests 
are wrong. The practical requirements of pit conditions 
nec^itate toe continual changing both of methods of 
control ^d of toe apparatus to be controUed; toe neces- 
s^ flexibihty is only obtained by single-unit equipments. 
The system of multi-control shown in Fig. 8 has toe 
following drawbacks, (a) One isolating switch interrupts 
pov^^to all circuits. (6) A leakage fault on one i^t 
shuts doym the entire equipment and does not indicate 
toe circuit onwhich the fault occurred. This is also true 
^ overload tripping, (c) The master con- 

1 ^^ toe ^oups of three permanently together, 
iv system of mtermediate contact for short-circuitinff 

the choke reset coil is impracticable in operation, as toe 
rapid lavement of toe contact finger does not always 
toe operation of the contactor. 

(e) Direct-actmg leakage doeshot give fine enough tottings 
and ffoM^ not appear to discriminate visually between 
overload faults: frutoennore; from toe diagram it would 
appear to be Mlf-resettuig, so that toe opwatoir could 


reclose toe contactor under fault conditions. As regards 
toe auxiliary switch working in conjunction with the 
motor isolating switch (see page 164), this interlock 
will probably race toe contactor on fast operation of the 
isolating switch. Turning to toe subject of motors, the 
design requiremente of machines for driving aU types 
of TOnveyors are similar in many respects, and suitable 
ratogs for such motors can be, and have been, deter¬ 
mined. In their statement of toe problem for the 
designer : '' Given toe maximum dimension which may 
used, put into that space the most powerful motor 
toat can be obtained," what do toe authors mean by 

powerful"? I can design a 10-h.p. motor to take up 
half toe space occupied by a 6-h.p. motor having toe 
same working spe^. The appropriate rating of a 
machine to suit a given purpose can only be arrived at 
by a complete technical investigation of toe require¬ 
ments ; trial-and-error methods take far too long. In my 
opinion to^e is no reason why colliery engineers should 
not be able to specify a motor having a definite horse¬ 
power, speed, and rating, and apply such a mar.h inp. to 
any orthodox type of conveyor. The time will come 
when a mining-conveyor manufacturer will find it un¬ 
necessary to use a special built-in motor of unorthodox 
design and rating. 

Captain S. Walton-Brown: I shall confine my 
remarks to toe drag bucket scraper, or scraper loader, 
which I was toe first to introduce underground into 
Grea.t Britain. Equipment of this character has been 
regularly working at Seghill colliery since toe beginning 
of 1928. Subsequent to its introduction at Seghill the 
scrapmg S 3 rstem was emplo 3 red for heading purposes in 
toe driving of toe Halkyn drainage tunnel in South Wales, 
and also for toe Grampians power scheme. During 1929 
other collieries commenced to utilize scraper loaders, 
^d toe number of such installations is now steadily 
mcreasing. An important factor involved is that toe 
s^per scoop is either whoUy or partly self-loading, and 
alroys self-emptying; I shall return to this point later on. 
The three other types of conveyor referred to by toe 
autoors all become costly to work when toe height of toe 
cpal seam falls below 2 ft, and for such seams it has at 
many coUieries been toe practice to revert to gate-way 
working as being the more economical method. The 
scraper loader has altered this situation. It also operates 
on gradients on which other types will not function, and 
it mvolves a very low cost for moving up. The sirstem 
IS sM m its early days in Great Britain, and it will 
probably be much improved during the next few years 
The V-type, as we employ it under a good roof, requires 
a cl^ space (without roof supports) of 6 to 8 ft. from the 
^t free. The face is shot down and toe scoop started 
The hinged end travels inbye along the face and on the 
ret^ journey toe open mouth meets toe coal, or is 
tocked mto toe ^e of coal and loads itself. The whole 
face can be loaded without manhandling any of toe 
thereby saving both time and energy. At toe 
dMcharge point toe scoop empties itself into tubs, con- 
vejroxs.^or another scoop sjrstem. The box type with 
^ged flap usuaUy requires a good proportion of toe coal 
to ^ moved into toe fixed path in which it runs, but toe 
coal has only to be slid and not lifted. Much larger 
pieces of coal can be handled vrito this type than with 
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the other types of conveyors mentioned in the paper. 

I do not agree that the scraper loader is subject to the 
limitations stated by the authors. Faces up to 100 yards 
long on each side of a mother-gate can be worked in the 
same way as with other conveyors. If increased capacity 
is desired, or the bottom is soft or wet, my method is to 
run the scoop in a light trough with low sides which is 
set on the floor and is capable of being easily moved up. 
As a result of the action of the troughing a short scoop 
is practically converted into a very long one, and 3 or 4 
tons of coal at a time can easily be slid along the trough 
to the delivery point. If the trip along the face is 
considered to be too long, two scoops are fitted in tandem 
on the same rope so that each covers rather more than 
half the face, the far scoop leaving its load just past the 
centre and the second scoop picking it up and delivering 
it at the discharge point. As a single trip for a 100-yard 
face (in and out) takes less than 3 minutes (assuming a 
scoop speed of 100 yards per min.), if 3 or 4 tons are 
handled on one trip it does not take long to move 100 
tons. With scoops in tandem the time can be halved. 
By placing a number of scoops in series in the trough and 
reciprocating them over any given short distance, a 
steadily-moving delivery system with adequate capacity 
is provided. As with other t 3 rpes of conveyors, it is 
essential that the men should be thoroughly trained, 
fond of machinery, and anxious to take care of it, 
realizing that in return the machine will do all the hard 
work and give them satisfactory earnings. The scraper 
loader system is much more economical than other types 
in canch work at the head end where discharge takes 
place, as no extra height has to be made. While the 
motor employed is of a larger horse-power than in the 
case of other types of conveyors, the total cost for power 
used in running is small and the item is not of great 
importance in view of other economies. The scraper 
loader is of service in any system of mining, and it can 
be advantageously utilized in bord and pillar so as to 
serve several headings, as the haulage can be moved 
from one place to another during the course of the shift. 
This cannot be done with the other types. By the use 
of a third drum on the hauler the scoop can be made to 
operate around corners and so travel the mother-gate 
as well as the face. The driving of drifts can be greatly 
speeded-up by the use of scraper loaders for the purpose 
of removing the loose material after blasting. On the 
faces we have hitherto used conveyors of one of the first 
three t 3 pes mentioned by the authors, followed by rope 
haulage to the shafts: before long, however, the order 
may be reversed—so as to utilize rope haulage (in the 
form of the scraper loader) on the faces and one of the 
other types of conveyors (in my view the belt type) 
towards the shafts. 

Mr. H. W. Clothier [communicated ): I should like 
to refer first to some of the mechanical difficulties 
encountered in moving the coal from the face. The 
shaker or jigger conveyor has a hard jerky action which 
is bad for any type of mechanism. The belt tjpe runs, 
more smoothly, but it is dependent upon material which 
seems unsuitable for such hard wear. The swaper types 
have to provide for the return of the scrapers or buckets. 
An alternative, which has been proposed by a local 
engineer who works at the coal face, might be called a 


pusher ** type. The trough is made to reciprocate at 
an even steady motion, slowing down at each end of 
the stroke, and the coal is pushed along the trough by 
plates which hinge in the form of a non-return valve. 
Whilst this conveyor may prove to have disadvantages 
of its own, it would appear to be worth a trial as a means 
of overcoming some of the objections to the types 
described in the paper. The author seems to retain a 
regard for the simple drum-switch and fuse protection, 
but I agree with Mr. Mann that fuses are inadequate. 
The question of renewal of fuses also gives rise to some 
difficulty, as either spare fuses of correct rating have to 
be stored in a compartment in the switch fuse-box or the 
renewal of the fuse is dependent upon the presence of a 
responsible person who, even if available, may not have 
the correct size of wire with him. This gives rise to the 
danger of fuses being renewed by wire of unsuitable rating. 
Moreover, as stated in the paper, with merely mechanical 
interlocking at the motor switch there is nothing to 
prevent the plug from being pulled out even if the gate- 
end switch has been left on, the plug therefore remaining 
alive. Effective electrical interlocks have been success¬ 
fully applied in a number of cases without the additional 
elaboration of complete remote control for the coal¬ 
cutter or conveyor motor. In their spoken abstract of 
the paper the authors mentioned oil circuit-breakers, 
and I would point out that these are in extensive use 
for gate-end service, particularly for coal-cutters; con¬ 
ditions are similar for conveyor circuits. The advantages 
of the oil circuit-breaker cannot be overlooked: for 
example, the immersion of insulation reduces the 
internal clearances, and therefore the overall dimensions, 
for a given breaking capacity. Thus, as compared with 
air-break contactors, oil circuit-breakers are more 
competent to withstand the impulse stresses to whicffi 
they may be subjected in dealing with short-circuit 
currents, and the smaller volume for the intake of ex¬ 
plosive gases means less risk of such gases exploding 
than in the large enclosure required for air-break con¬ 
tactors of the type shown in Fig. 8. The requirement in 
regard to strength of enclosure is at present under 
discussion, and in this connection the relative air spaces 
enclosed in the various types are of paramount irn- 
portance. The operating conditions—^particularly in 
thin seams—emphasize the need for remote control, and 
this need cannot be met in a “ simple mann^. For 
reasons of economy the trend of development is along 
the lines of air-break contactor starting gear backed up 
by oil circuit-breakers at distributing centres. The 
scheme of connections might be sudi that the oil <^cuit- 
breaker dealt with short-circuit faults, and the contactors 
only with overloads, with thermal time-limit control, 
it is satisfactory to note that the British Standard ping 
(B.S.S. No. 279) is becoming increasingly popular. The 
fact that other makes of plugs are, as mentioned in the 
paper, heavier and more cumbersome is a testimony to 
the work of a Standardization Committee. Amongst 
colliery engineers there appears to be a wide diversity of 
opinion on what is the most suitable apparatus to meet the 
conditions, even in adjacent naines in the same coalfield. 
This applies not only to conveyor plant but to. el^tri^l 
applications in general, and particularly to switching 
requirements. 
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Mr. E. E. Grover {communicated)'. I do not agree 
TOth the stetement (page 166) that “ there is no dfficulty 
in conipl 3 dng wilh all the requirements for flameproof 
enclosure contained in the British Standard Specifications 
for flameproof enclosure (No. 229) and for motors for use 
in mines (No. 270)." B.S.S. No. 270 calls for terminals 
to be external to the flameproof enclosure, a 
feature which cannot easily be achieved on some types 
of conveyor motors. One method is of meeting this 
requirement by means of a detachable dividing box 
which can be withdrawn like a plug from the stator 
terminals. In the section dealing with switchgear no 
mention is made of the difficulties which are e3q)erienced 
by manufacturers in constructing flameproof enclosures. 
One of the requirements for a flameproof endosure 
mentioned in the Appendices of B.S.S. Nos. 126 and 127, 
is that the enclosure shall withstand an internal pressure 


of 110 lb. per sq. in. I do not agree with the authors’ 
statement that there is no difficulty in complying with 
this requirement, and I should be interested to know how 
sucffi compliance is acliieved. Fig. 8, which is intended 
to illustrate a system of remote control applied to tliree 
units, shows eartli-lcakage protection on the switch 
controlling the loader. Tliis is the wrong position for 
su(ffi protection, as it is preferable to keep the gate-end 
switch as simple as possible. The better position for 
the leakage trip is on the next outbye switch controlling 
the supply to the 3-panel board. The only advantage 
of fitting each conveyor and loader panel with earth- 
l^kage protection would be to obtain selective protec¬ 
tion, but it would not be satisfactory to shut down the 
loader motor and keep the conveyor motors rumiing. 

[The authors’ reply to this discussion will be fouiul 
on page 167.] 


Mr. J. Bentley: Although motors used in colliery 
work underground have to stand a great deal of ill 
u^e, I do not see why such motors should not comply 
^th the appropriate British Standard Specification. 
The motors, although of special design, have to be made 
to give an output, the horse-power and rating of which 
can be estimated. By using Class A insulation the 
temperature rating can be fixed at a high figure; in fact, 
some of the motors made for the Admiralty have to 
work at an ambient temperature of 160° F. and have 
a final temperature of about 200° F. The design should 
be controlled by the use of the most economical 
m respect of weight and space factor. The cost of 
materials and labour should be regarded as of only 
secondary importance. What appears to be required 
is a motor which will give a relatively high torque for 
ste^g Md overcoming momentary overloads, and 
which will stall should the torque exceed a safe limit. 
Thwe requirements call for the use of some such systeni 
as the constant-current or Ward-Leonard, The cost 
of stoppages due to breakdown must be credited to the 
capM-outlay account. The motor should have a high 
startup ^>^906 in order to overcome the d iffi culties of 
igh st^c hiction/ momentum, and momentary over- 
obtain tois feature oHict desirable chatac- 
ter^cs have to be sacrificed; unless an auto-transformer 
sta^r IS ured excessive stresses are put on the gearing 
owing to the motor starting up ^th a jerk. The ure 
of shpp^ clutches to solve this problem is well Worthy 

cu axe used extensively 

on ship deck machinery to get over similar difficulties 

giyesmi appreciable extra torque 
tern the^i^ti^ momentum without overloading the 
^or. These slipping clutches do not, however, help 
itt toe case of sustained excess torque; they are only 
to avoi4 excessive stresses on the gearing unto 
2 ^ iT" 7 Q^^load releLs do not 

e»»ssive stresses, as toe overload 
operates. The use of the 
c^nk mori^ in combination with the flywheel as 
dSS^^ ^ autoprs, successfully overcomes’ the 
difficulty Of momentary overloads . : The mank iuori^^ 


Scottish Centre, at Glasgow, 12th April, 1932. 


extra torque at a certain part of its stroke to replace 
any loss of kinetic energy of the flywheel due to over¬ 
loads. If toe flywheel could lie started up after the 
motor had got up speed, the crank motion would also 
help considerably to reduce the starting torque re¬ 
quired. ^ 

1^. W. J. Cooper: I should like to refer to an inoklont 
Which happened many years ago, in order to indicates 
the magmtude of the difficulties with which too designer 
of elecirical plant has to contend. I was called out in 
toe middle of the night to attend to a defect in some 
OTlheiy machmery, and with some difficulty I got a.s 
to M toe gate-end boxes. 1 discovered tliat toe designer 
o the fuse gear had unfortunately provided a space in 
toe jaiTO of toe latter which fitted the half of a collier’s 
operators informed me toat when a coal¬ 
cutter be^me jammed by a fall of coal the pick head 
aUowed toe motor to clear the cutter, 
hto. J. Gogan: Manufacturers have placed in the 
®“S“eets plant which satisfactorily 
meets toe demands made upon it. However, I see no 
re^on why motors of a standard horse-power should 
X, „ conjunction with coal-conveying plant. 
Mr. W. Yuille: I should like to know whether 
toyone 1^ ever suggested a scheme whereby the elec- 
tac^ drive could be retained at a distance from the 
co^face and toe^ower transmitted by means of a fluid 
^ development of toe system nut 

e^^n ^ ConsLitineLo 

ever beea adapted for underground work ? This system 

^ the advantage toat it will allow of aU elecMcal 
conveying plant being kept away 
eliminating fire risL. Regard- 
mg toe method of motor drive for limiting the sta^ng 
^ bydraulic-turbihe-cum-pump drive 
^smtable for t^ purpose? Such gears are npw made 
to^y ^closed m one casing, and are very robust, 
wmqn' E- Kedan: I should be glad if the authora 
wSaW a.c. coal-cutters, 

toA^tl 2® ^ to the authors, 

toey have to be capable of developing from 100 to 260 

per cent starting tor<jue, r"*'‘* ■* - 
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stalling^torque characteristics, to say nothing of their 
having to be capable of worldng frequently to stalling 
point. Under such circumstances it would appear that 
the power factor would be very bad. 

Prof. S. Parker Smith: Are the authors troubled 
by excessive voltage-drop? It seems to me that in view 
of the very long drives which are necessary, voltage-drop 
might be almost a limiting factor, as was the cost of 
cables. With regard to the cage motors, can sufficient 
torque be obtained with the single-cage. type, or must 
a double-cage construction be used ? It would be in¬ 
teresting to know the starting conditions with which 
conveyor motors have to contend. 

Dr. M. G. Say: In some mines the working faces 
may be 3 or 4 miles from the shaft, and it would seem 
that under such circumstances the voltage-drop would 
be considerable. In ordinary supply practice it appears 
to be the custom to restrict direct switching of motors 
to comparatively small sizes. Underground, however, 
the 30-h.p. size is apparently not too big for this drastic 
method of starting. I should like to ask whether this 
practice is usual. Of course, if one could reckon on a 
line drop of the order of 42 per cent, a star-delta starter 
would be unnecessary. 

Mr. S. Mavor: With reference to the transmission 
of power by means of fluids, I once discussed with Mr. 
Constantinesco the application of his system to coal¬ 
cutters, and I am satisfied that so far as the wave- 
generator and the wave-motor are concerned the scheme 
is feasible. The difficulty at that time was the lack 
of a flexible pipe suitable for underground service and 
capable of withstanding the high pressure. Even now 
a flexible pipe suitable for the purpose does not seem 


to be available. Proposals have been made from time 
to time to drive coal-cutters by hydraulic means, but 
certain practical difficulties associated' with hydraulic 
plant have not yet been overcome. One of these is the 
danger of water leaking from the joints: in many col¬ 
lieries such leakage would cause disintegration of the 
strata, and this might be disastrous. Certain classes 
of shale are converted to mush by contact with water, 
even in comparatively small quantities. One of the 
lines of future progress will be in the direction of 
mechanical loading of face conveyors. This is already 
an accomplished fact in the thicker seams, and ex¬ 
perience will enable us to reduce the limit of thickness 
of seam in which mechanical loading can be applied. 

Mr. D. H. Bishop: In connection with starting by 
direct switching, has any difficulty been encountered 
in practice, due to the rapid rate of acceleration? I 
understand that in America, where direct switching 
seems to have been frequently employed for industrial 
purposes, the motor makers recommend that pulleys 
and belts should be 25 per cent wider than the standard, 
owiiig to the wear otherwise produced by belt slip during 
starting periods. Do the belts of the conveyors suffer 
in anyway due to this cause? I have found from ex¬ 
perience in cases where direct switching is carried out 
for very frequent starts, that designers do not always 
appreciate the abnormal amount of heating produced 
in the motors. This point should not be forgotten when 
la 3 dng out an installation. With slip-ring motors, of 
course, conditions are very different; much of the heat 
produced is external to the motor, and the current- 
rushes are smaller. Do the authors incorporate any 
extra resistance in the rotors of mining motors? 


The Authors' Reply to the Discussions at London, Newcastle, and Glasgow. 


Messrs. W. B. Hird and J. B. Mavor {in reply): 
Mr. Wayne-Morgan has given us a rather pessimistic 
view of the position of mechEUiical conveying and coal¬ 
cutting in one particular district, but this is far from 
being t 3 q)ical of the attitude of management or men 
throughout the country. 

We are confident that we are expressing the feelings 
of members in thanking Mr. Horsley for the valuable 
statistics he has put forward. 

In reply to Mr. Hoseason, the conveyor described has 
so far proved to be very limited in its application. 
General mining conditions in this country do not appear 
to lend themselves to its successful use. The motor 
described by Mr. Hoseason is a robust construction; but 
the space required by such a motor is a serious disadvan¬ 
tage. , . ! 

In reply to Mr. Cooper, who inquires as to the regis¬ 
tering of motors on the gearcases, it is suggested that the 
‘ advantages from doing this far outweigh the disadvan- 
' tages mentioned. The motors can be seemed by four or 

five bolts or set-pins and require no holding-down bolts, 
so that it is really more simple to remove the spigot- 
registered motor than the motor with a flexible coupling.. 
It is submitted that it is not possible to make a base¬ 
plate to carry the motor independent of the gear 
which wiU withstand the strains imposed upon it by 
pressure from roof props or due to heaving pavement. 


Theoretically the thermal t 3 q)e of overload protection 
most nearly conforms to electrical requirements, but in 
practice the mechanical limitations of the thennal strip 
and the necessary heating element result in construction 
much less robust and suitable to mining conditions than 
those usually associated with the best designs of solenoid 
trips with time-lags of the oil dashpot type. The most 
satisfactory form of overload protection so far used is 
the circuit breaker with the solenoid type of time-lag. 
With the high-torque motors now in use starting is so 
rapid that the time-lags do not need to be set nearly so 
high as heretofore. When outputs approaching 600 or 
700 tons per shift are being brought to one loading 
point, sequence control of the conveyors is essential. 
With a properly sequence-controlled conveyor unit, the 
attendant at the junction of the conveyors has time to 
sparse to fill coal and therefore be on the productive wage 
list. There are now many instances of sequence-control 
equipments of this kind which have functioned in a 
trouble-free manner over long periods. The added 
complication is not great and the economies are ihaterial. 
We agree with Mr. Cooper that it is thoroughly wrong to 
complicate either a conveying or a conveying-conteol 
system unless the savings resulting from such complica¬ 
tions can be clearly defined. 

Replying to Mr. Jenkins, we agree that special loaders 
or short lengths of shaker conveyors are not essential in 
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the operation of gate-belt conveyors. Nevertheless, it 
is at all times desirable, from the point of view of belt 
life, to load the belt in the direction of travel. In most 
cases nowadays, however, it is considered more expedient 
simply to load the belt direct from the face conveyors 
without any connecting link. The only other device 
known to us as a substitute for the double driving drum, 
where small-diameter driving drums are in use, is one in 
which the belt is held in contact with the driving drum 
by means of a spring-loaded roller. On a normal con¬ 
veyor the duty of the belt is to carry the load and 
transmit the power necessary to transport the load. It 
may be in the future that the technique of belt manu¬ 
facture will permit of the mangling stress set up by a 
roller of this kind without any destructive results, but 
belts as at present constructed are very liable to be 
damaged if rolled between two rollers as described. 

We are aware that a large number of belt conveyors are 
working to-day on gradients as high as 20°, but as this 
is just a fraction beyond the normal angle of repose of 
coal on a conveyor belt 20° may be taken as the limit, 
and even at this angle success or failure may depend on 
the character of the material being conveyed. 

We agree with Mr. Jenkins that, wherever possible, 
the belt conveyor is to be preferred to the chain flight 
scraper conveyor, but when the gradients become too 
steep it is necessary to use chain flight scraper con¬ 
veyors with special flights to meet such conditions. We 
are aware of belt conveyors a considerable section of 
which is running under water, but this is an altogether 
undesirable case for belt service, because of the impaired 
belt life. Mr, Jackson mentions a device for avoiding 
belt slip, but as the belt gets cut and abraded each cut 
and abrasion is a point at which the water can get in to 
destroy the belt. • 

Figs. 6 and 6 . were simply inserted to show the lay-out 
of the coal faces. The 240-yard conveyor illustrated 
was actually driven by a single engine over a period of 
months; back-balances and springs were used as counter¬ 
weights for the pans on the inclination, it is our 
experience that in the old-estabHshed coUieries using 
direct current the mechanics and electricians are in the 
main more S3mipathetic towards machinery under¬ 
ground. As to remote-control switchgear, it is common 
e:^erience that new devices are in the flrst instance 
adopted only by the more progressive firms, but since 
the introduction of this method of control its use has 
steadily increased and is now increasing more rapidly as 
its advantages are realized. In no instance that we 
know of has remote control equipment, once installed, 
beeq; replaced by other types. On the contrary, users 
have extended fhe use of this method of control. It is 
dif&c^t to answer the question as to ratio of starting to 
runmng torque, because this necessarily varies con¬ 
siderably in different cases, but by the use of special 
high-torque motors it is possible to get a starting torque 
of 2i times the rated full-load torque of the motor, 
l^ere is no reason why underground belts, in a gate-road 

especially^ should not run for longer periods than one or 
two years without an involuntary stoppage, and they 
are doubtless the most reliable form of underground 

transport when properly designed and installed. 

^ ^0 Bums, the enclosing of the lower belt 


has in practice proved a great advantage from the point 
of view of eliminating unexpected belt breakages. Does 
Mr. Burns seriously propose that an addition to the 
design, which minimizes the possibility of stoppage, 
should be left out because if a stoppage does occur, due 
to breakage, the addition of the appliance makes the 
repair a little more troublesome ? The designs of under¬ 
ground machinery are actually developed, as he suggests 
that they should be, from a properly indexed recoi'd of 
complaints and difi&culties experienced underground 
with the machinery. It is agreed, however, that the 
utmost simplicity possible, making allowance for the 
proper functioning of the macloinery, is desirable before 
anything else. 

Replying to Mr. Clephan, the reason why the troiighed 
belt is preferred to the flat belt wherever it can be used 
is that without external aids the troughed belt has a 
carrying capacity 100 per cent greater than the flat belt. 
The usual practice in underground flat belts is to in¬ 
crease the capacity of the flat belt by using spillplates to 
enable the load to be piled up as it is in the troughed 
belt. This means that while conveying is being per¬ 
formed at full capacity the coal piled on the flat belt 
must of necessity rub along the spillplates. As the belt 
requires running clearance from the spillplates, spillage 
between the belt and spillplate when the belt is fully 
loaded is inevitable. If Mr. Clephan has found in 
practice that the difference in power required between 
troughed and flat belt is not very mai'ked, it indicates 
that his belts are rarely running loaded to full capacity. 
Tests under ’duplicate conditions with both types of 
conveyor set up properly, and conveying each to the 
full capacity of the troughed belt, revealed that the flat 
belt requires 60 per cent more power under these circum¬ 
stances, this power being expended in overcoming fric¬ 
tion, which is destructive to the belt. Negligence in 
maintenance of a troughed belt in a gate-road can lead 
also to excessive power consumption. We recently had 
experience of a troughed belt which was using double 
its designed power for this reason. An hour's attention 
by the supervisor reduced the load to normal. Care in 
design and maintenance of belt conveyors, with a special 
view to the avoidance of friction losses, is always amply 
repaid in reduced belt maintenance charges. With 
regard to the maximum economic length over which 
coal can be conveyed, this depends very largely upon 
circumstances and environment, also on the amount of 
coal which has to be conveyed. It is not possible, thci*e- 
fore, to generalize on this subject, but one of the authors 
was assured on the occasion of his visit to the Frick 
Belt that under their special conditions they would have 
put in a belt 10 miles in length, and that their experience 
with the existing belt justified this decision from an 
economic standpoint in view of the very large dailv 
output which they handle. 

In reply to^ Mr. Mann, when remote control was first 
t^ed about it was received with a considerable amount 
of caution, but to describe the attitude as one of ridicule 
IS to go far beyond the facts (see our reply to Mr. Jen- 
kms) . It is not suggested that remote control is the only 
alternative to switch fuses. The methods in the paper 
were given as examples from the simplest to the most 
advanced forms at present in use, and the mention of 
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the fact that plain switch and fuse are still in use does 
not imply any special liking for this method. (This 
replies also to one of Mr. Clothier's remarks.) 

The unit method of control as contrasted with the 
multi-panel system has some advantages chiefly from 
the manufacturers* point of view, but the multi-panel 
sjrstem also has compensating advantages, and it is 
obvious that when dealing with 3-unit conveyors these 
advantages become paramount. The extended use of 
multi-panel equipments by collieries having experience 
with them shows that practical requirements of pit 
conditions do not necessitate the continual changing 
Mr. Mann imagines to be the case. The system of j 
multi-control shown diagrammatically in Fig. 8 is merely 
an example of the latest tendency in matters of control. 
The general scheme is obviously capable of detailed 
variation, and Mr. Mann's detailed criticism is therefore 
rather off the point. 

(a and b) It is obvious that isolating switches and also 
leakage protection can be introduced in each panel if 
the user desires it and is willing to pay for it. 

(c) Of course, the master controller ties the three 
motors together; that is its purpose, and is necessary to 
give the fullest control and protection to a 3-unit con¬ 
veyor of large capacity. Schemes comprising tlnee 
conveyors and multi-panel control on the general lines 
indicated have been installed for some years, and have 
worked daily during that time, and the conveyors are 
still working together in the same group. 

(i) Both experiment and actual experience in practice 
have shown that the switch cannot be manually operated 
to beat the magnetic relay. Far from being impracti¬ 
cable, numerous examples of the construction have been 
in successful operation for years. 

{e) Leakage relays with fine setting can obviously be 
used instead of direct leakage trips, and without in ^y 
way altering the general scheme. Experience in mining 
conditions, however, soon shows that portable gate-end 
control gear is not the place for delicate relays, however 
suitable they may be for stationary equipment outbye, 
and a somewhat coarser direct trip of robust con¬ 
struction which remains in working order is to be pre¬ 
ferred to a fine-set delicate relay apt to be frequently 


damaged. . ^ 

Fig. 8 purports to be only a diagram of coimections 
and does not show relatively unimportant details. The 
actual equipment does, however, provide the visi^ 
discrimination Mr. Ma nn asks for. Moreover, the 
leakage relay is not self-resetting, and the operator 
cannot reclose under fault conditions. Mr. Manns 
assumption as to the probabiliiy of the interlock racmg 
the contactor has been dealt wth above. . • 

We are not in agreement with the statement that the 
timft will come when a mining conveyor manufacturer 
will find it unnecessary to use a special built-in motor, 
as the tmidency appears to be increasingly in &e 
tion of using built-in motors and dealing, thmefore, with 

the motor and conveyor as one unit. ^ 

Mr. also asks; " What do the authors mean by 

the word powerful ?” (as applied to the motor). That is 
the real mux of the difficulty. The horse-power at 
which a motor is rated should, of course, dei«nd upon 
its beine able to give that power for a speeffied time 


without exceeding a specified temperature. The motor 
of given dimensions which could be rated at the highest 
horse-power under these conditions would be the most 
powerful motor. Unfortunately, the operator does not 
accept this definition, and in 3-phase work he talks of a 
motor being more powerful if he finds it more difficult 
to make it stall. He considers a d.c. motor more 
powerful if he is able to drive it harder and get more 
coal without making it spark, and it is largely the 
necessity for meeting such demands, in addition to keep¬ 
ing down temperature-rise under normal working con¬ 
ditions, which makes the design of coalcutter and 
conveyor motors unorthodox. 

In reply to Capt. Walton-Brown, the scraper bucket 
type of conveyor has certainly a useful place in the 
conveying system used in this country, but is limited in 
its application so far to good floor conditions, and 
relatively small outputs per face unit. 

The conveyor described by Mr. Clothier would appear 
to be limited in its application to seams producing small 
coal, such as coking coal, because if the size of lump were 
not controlled jamming and breakage would be pre¬ 
valent as the flap passed over each pile of coal formed 
by the reciprocating movement. The drum-t 3 q)e switch 
with fuse is still in very common use in spite of all the 
well-known drawbacks recapitulated by Mr. Clothier, 
the reason being its great simplicity. It may, however, 
be pointed out that the fusible cut-out is not alone in 
the possibility of being tampered with; the protective 
devices of oil circuit-breakers can be rendered inefEec- 
tive, and cases are known where the heating elements in 
thermal overloads have been short-circuited. 

It is not, of course, necessary to employ remote- 
control gear in order to get improved protection in 
comparison to that obtained from the simple drum-type 
switch and fuse. There are, as indicated in the paper, 
any number of intermediate arrangements possible be¬ 
tween these two extremes. We agree that the advan¬ 
tages of the oil circuit-breaker cannot be overlooked, but 
Mr. Clothier's remarks, particularly in his reference to 
short-circuit stresses, are really more applicable to dis¬ 
tribution switchgear further outbye than to^ the actual 
control gear at the gate-end. The latter is designed 
primarily to control the conveyor motor and does^ not 
need to have the same rupturing capacity as ihe distri¬ 
bution gear behind it and on which it is entitled to 
depend in case of severe short-circuit. We share Mr. 
Clothier's satisfaction in the increasing popularity of i^e 
British Standard plug, and agree very completely with 

his concluding remarks . x c c 

In reply to Mr. Grover, the requirement of B.S.b, 
No. 270 relative to the terminal box being external to 
the flameproof enclosure is a very natural one and is 
merely another way of saying that the flameproof 
enclosure must be external to the terminal box; that is, 
flameproofness must not be dependent on the termmal 
box. The construction specified in B.S.S. No. 270 
presents no difficulty and is incorporated in all 
purporting to meet the specification. In reply to Mr. 
Grover's question as to how compliance with B.S.S. 

290 is achieved, we need do no more than suggest ihat 
there is no difficulty in designing and constructog 
enclosures to withstand very much higher stresses than 
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COMMERCIAL COOKING BY ELECTRICITY. 

By T. Settle, Ph.D., Member. 

(Papor first recHved \Zth July, 1931, and in final form 2nd January, 1932; read before The Institution l%th February, before the 
South Midland Centre 2^th February, and before the Scottish Centre 22nd March, 1932.) 


Summary. 

The development and advantages of commercial cooking 
by electricity are set out in detail, and particulars are given 
of the types of apparatus used in this country and abroad. 

Representative installations in establishments of different 
characters are described, and the effect of the commercial 
cooking load on central stations in various countries is 
discussed. 


The term commercial cooking*' may be taken to 
apply to all cooking operations catering for a larger 
number of persons than is usually found in a domestic 
establishment. 

The ground to be covered, therefore, includes complete 
electric kitchens, and also installations where special 
cooking operations are carried out on a commercial 
scale for the purpose of supplying certain specialities 
to a considerable number of customers, e.g. such instal¬ 
lations as luncheon counters, grill rooms, and, par¬ 
ticularly in this country, fried-fish shops. 

For the correct working of any organization of a | 
reasonable size the kitchen is essential. Tliis condition ■ 
applies to welfare installations such as hospitals, edu¬ 
cational establishments, workhouses, prisons, and 
asylums; further, to factories and large business houses; 
and, finally, to pure catering establishments such as 
boarding houses, hotels, restaurants, and passenger 
ships. Quite recently, electric cooking has also been 
introduced on railway trains. Generally speaking, the 
above condition applies to all organizations where a 
large number of people have to be supplied with food 
once or more during the day. Obviously, kitchens of 
this type have to be equipped in the most modem way. 

The use of electricity for kitchen equipment developed 
in the normal way. Lighting came first, motor-driven 
mechanical appliances next, and cooking last. It was 
difficult to persuade users that electric cooking was com¬ 
petitive, and the progress of commercial electric cooking 
was bound up with the reduction of rates for electric 
current. During the last few years very considerable 
advances have been made. 

It would seem superfluous to-day to point out the 
advantages of electric cooking/but in order to give a 
complete review of the subject it may not be inappro¬ 
priate to draw attention to .certain well-known facts. 

The principal advantages of the use of electricity for 
large cooking operations are cleanliness, speed, and 
economy. 

The cleanliness of electric kitchen equipment is 
obvious, because there is no storage or moving of fuel j 
and residue, no lighting of fires, no cleaning of grates and j 
chimneys, no fumes or soot, and no evil-smelling gases | 
or combustion products which may find their way into | 


the atmosphere. This means that the rooms and 
apparatus remain perfectly clean, and the health of 
the kitchen staff is much improved, which can easily be 
confirmed by anyone running a large electric kitchen. 

The speed of service is bound up with the nature of the 
electrical equipment. Whilst the heating-up and main¬ 
tenance of boilers or coal fires take a considerable time, 
electrical equipment requires only the handling of a 
few switches in order to make everything ready for 
working. 

One of the principal points of economy is that electric 
heat acts direct on the food materials, and nearly the 
whole of the electrical energy supplied is used for heating 
tlie food. Furthermore, all electrical apparatus is pro¬ 
perly lagged, so that heat losses by radiation can be 
ignored. This means that the efficiency compares very 
favourably with that of fuel-fired apparatus. 

With the latter, exact calculation of the quantity of 
fuel required for each process is impossible, but with 
electric heating it is fairly easy, because, as soon as a 
switch is turned off, the supply of heat ceases. At the 
same time the residual heat can be used to advantage. 

With no other form of heating can regularity be so 
easily maintained. Once tlie correct degree of heat is 
obtained the supply is always constant, and it can be 
distributed uniformly over a large surface. The food 
is of regular quality, more tasty, and more easily 
digested. 

It has been definitely established that, owing to 
reduced shrinkage, a saving of up to 10 per cent can be 
obtained when roasting meat. The reasons for the 
smaller shrinkage are principally the more easily adjust¬ 
able temperature-control of the electric oven, the absence 
of any necessity for opening the oven door, and the 
steam-tight construction of the electric oven as com¬ 
pared with fuel ovens, which latter are designed to 
circulate the combustion gases about the food. 

It has been proved in various countries that the saving 
When roasting meat in large establishments more than 
fully covers the cost of the electricity used. There is 
also a considerable saving in fat, because food can mostly 
be prepared in its own juices. 

There is also, generally speaking, a saving in fioor 
space when electrical apparatus is installed, there is a 
lower maintenance cost as coihpared with fuel- or even 
with gas-fired apparatus, and the fire risk is reduced 
to a minimum. 

: The selection of suitable apparatus depends entirely 

upon the purpose of the kitchen. The demands, for 
instance, for a works canteen are entirely different from 
those for an hotel or a large restaurant, but in every 
case the nunaber of people to be catered for is the prin¬ 
cipal consideration. 
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much more can be done than has hitherto been possible, 
and the comparative ease with which electricity enables 
just the required amount of heat to be applied where 
and when it is wanted is impossible with other methods. 

The kitchen staff must also be taken into consideration 
when laying out an electric kitchen. 

In a works canteen kitchen, where usually one or 
two women cooks are employed, the type of complete 
range with boiling-plates mounted over the roasting- 
pvens may be used, because under such circumstances it 
is possible that one cook only will attend to the roasting 
of meats in the ovens as well as the receptacles for 
cooking on the hob. On the other hand, where a number 
of different coolcs are employed who carry out various 
operations in the Idtchen, differently constructed types 
of apparatus must be used, with separate roasting-ovens 
for special cooks to look after, whilst vegetable boiling, 
preparation of sauces, etc., are carried out under the 
control of the cook directly responsible for that class of 
work. 

The use of electricity allows of the easy separation of 
apparatus in this way, and thereby results in far greater 
flexibility and efficiency in the worldng of the modem 
kitchen. 

In selecting the necessary apparatus for large kitchen 
equipment, local circumstances have to be taken,largely 
into consideration. Where, for instance, steam is avail¬ 
able for manufacturing or other purposes, it would not 
be advisable to put forward appliances in which steam 
would have to be generated by electricity, such as 
steamers, soup-boilers, large vegetable-boilers, etc. All 
these appliances can be heated electrically and are giving 
satisfactory service, but the cost of generating steam 
electrically would probably exceed that of the available 
steam. 

Types of Apparatus. 

Generally speaking, the following types of apparatus 
are universally used, although the construction varies 
to some extent in different countries. There are, in 
addition, some appliances, referred to later on, which are 
peculiar to certain countries. 

.Roasting-ovens; cabinet roasting-ovens; complete 
ranges, comprising one, two, or more rqasting-ovens 
with a hob-table carrying various numbers of boiling- 
plates (sometimes also a grill); boiling-tables; hot-cup- 
boards (often fitted with carving-wells and covers); 
bains-marie (sometimes embodied in hot-cupboards);, 
pastry-ovens; bread-baking ovens; fish-fryers; toasters 
and grills; steaming^ovens; stock-pots; soup-boilers; 
vegetable-boilers; urns; water-boilers; coffee-percolators; 
storage water-heaters. 

The electrical equipment for all these appliances is 
composed of heating-elements, which may differ accord¬ 
ing to the type of apparatus, the necessary wiring, 
smtches, and fuses. The two last-nxentioned are some¬ 
times mounted on the appliance itself, although the 
practice varies in different countries. Especially for 
larger appliances, separate control-boards are fitted 
carrying switches^ fuses, pilot lamps, and other electrical 
accessories.: ^ ^ 

The authot does not consider it to be within the scope 
of this paper to give details of the mechanical construc¬ 


tion of the various apparatus, although some salient 
features may be referred to when the appliances are 
dealt with in detail. 

For the internal wiring of practically all appliances, 
it is the practice in this country to use bare wires where- 
ever possible. Beaded wires are fitted in some cases, 
but, generally speaking, the author does not recommend 
this practice. In America, special impregnated asbestos- 
covered wire is mostly used. It has to be borne in 
mind that, in the case of many of the appliances, wires 
have to be brought through lagging, and care has to 
be taken to avoid any chemical effect of the lagging 
material on the wiring material. 

Roasting-Ovens .—^These are made in various sizes. 
For smaller installations, and particularly where roasting- 
ovens form part of a complete range which carries also 
the necessary boiling equipment, the well-known normal 
t3q)e of roasting-ovens of various sizes can be used, 
either singly or in multiples. 

The average electric loading depends on the cubic 
capacity, which would be in this country, for ovens of 
about 7 000-8 000 cubic inches, at the rate of 0 • 6-watt 
per cubic inch. It is found that as the capacity of the 
ovens increases, so, pro rata, the loading per cubic inch 
tends to decrease. 

The position and type of the heating elements in 
roasting-ovens vary in different countries and with 
different manufacturers. No particular system appears 
to be preferred. 

In Great Britain we have mostly side-mounted ele¬ 
ments, but top and bottom elements are used by some 
manufacturers, and in some cases both side and top 
and side and bottom. Much can be said for both of 
these systems, but, generally speaking, side elements 
are found to be acceptable. 

In Switzerland, Germany, and the United States, top 
and bottom elements are mostly in use, but this may 
be due to the fact that whilst in Great Britain the doors 
of roasting-ovens are mostly arranged for side opening, 
in the countries referred to drop-down doors are generally 
fitted. 

The average loading of roasting-ovens in Germany is 
0 • 7 to 0 • 6 and in America 0 • 6-0 • 4 watt per cubic inch. 

The elements themselves are composed of nichrome 
spirals usually fitted on refractory panels, but in some 
cases mounted on porcelain insulators or cleats or wound 
on mica strips. 

The lining of the ovens is worth mentioning, as black 
steel is sometimes used. Mostly, however, vitreous 
enamelled surfaces are preferred, and recently monel 
metal has come into use. 

The oven elements are usually arranged for series- 
parallel 3-heat control. They must be properly pro¬ 
tected from splashes by splash-guards. Connections 
must be arranged in such , a way that the elements can 
be removed easily in case an exchange becomes necessary* 
Quite recently, both here and abroad, efforts have been 
made to use elements of the plug-in type, but plugs and 
sockets are likely to give trouble with heavy demand. 

With regard to American ranges, it is to be noted 
that they are usually built up from single units, each 
comprising a roasting-oven, the necessary control equip¬ 
ment, and hob equipment. 
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Cahhiet Roasting-Oven $»—^These are usually installed 
in this country where larger roasting operations are 
carried out; they are simply roasting-ovens very much 
on the lines of the smaller ovens, but of much heavier 
construction. 

On the Continent and in the United States, there are 
used for large roasting operations ovens which are more 
like the type, of bread-baking ovens in use in this 
country and abroad. 

Complete Ranges ^—These consist of one or more 
roasting compartments and a hob carrying various 
numbers of boiling-plates and also, as far as this country 
is concerned, a grill, which varies in size according 
to the available space. These boiling-plates are one of 
the most important items in electric cooking; they are 
still the weak point of heavy-duty elecfaic cooking 
equipment and the one which causes most trouble with 
the personnel of the kitchen. 


The main duty of the engineer responsible for the 
design and construction of electric boiling equipment 
is to give at the same time rapid heating, high efficiency, 
and long life. It is sometimes very difficult to combine 
these three requirements. 

The development of hot-plates for heavy-duty appa¬ 
ratus followed very much on the lines of the boiling- 
plates used for domestic purposes. A few years ago 
open-coil boiling-plates were used practically exclu¬ 
sively. They gave rapid heating and also good efficiency, 
but their life was dependent upon the avoidance of 
spilling, boiling-over, or similar mishaps. 

At the present time the open-coil boiling-plate has 
gone out of use almost entirely, and enclosed hot-plates 
of various t 3 rpes are now the general practice. 

The older t^es of hot-plates consisted of cast-iron 
tops fitted with elements of the clamp type. The 
possible loading of these hot-plates, particularly of the 
larger sizes, was sev^erely limited. Now in practically 
all countries hot-plates of the embedded tTOe are the 
general practice. 

The expression " embedded type/* defines a con¬ 
struction wMch consists of a cast-iron top provided on 
its under side with grooves containing the coils of 
resistance wire. These coils are embedded in refractory 
naixtures of various compositions, and the entire plate is 
then baked at a temperature which may vary according 
to the composition of the refractory. This practice 
applies to practically all British and Continental hot- 
p^tes, although hot-plates of other constructions are 
still in use. 


Considerable attention is being given all over 1 
worid to improvements in the design of the heavy-dr 

hot-plate, and the author thinks that the next few yei 
may see considerable changes. 

. Manufacturers in this country tontinually press 
by users to r^uce the heating-up time of hot-pla1 
by increasing the number of watts per square inch a: 
m many CMes Ihe danger point has been passed in t^ 
the oohsumers; with the rest 
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aiitiior thinks that a reasonal 
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bigger surfaces, of course, can be built up by using 
smaller units. 

For restaurant cooking, a fairly large surface has to btt 
maintained at a high temperature, and at the .same time 
the hot-plate must have a long life in spite of the rather 
rough usage to which it may be subjected and tlie fa(:t 
that it may often be left on at full heat for hours \vi( lu>nt 
any utensil standing on it. This, of course, must lead 
to premature breakdown. 

Naturally, chefs would like to have as largo a boiling- 
plate as possible in the available area, so tluit they cun 
use pots and pans of all sizes and slide tliem ubtnit as 
they wish during cooking operations. 

With rectangular plates it is a simple matter to build 
up large boiling-plates, but with large circular plates 
this cannot be done. At the same time it is known 
that pots and pans are usually circular, and if each pot 
could have its own boiling-plate the use of circular 
plates might be ideal. 

A combination of square (or rectangular) and circular 
boiling-plates is very much favoured by certain chefs, 
but from a manufacturing point of view it mu.st l )0 
realized that to cater for everybody’s w'ishes and tastes 
increases the cost and, if insisted upon, nmla?s electric 
cooking equipment non-competitive. 

In the United States, hot-plates are so arranged that 
they practically cover the entire surface of the liob. 
The usual commercial units are 12 in. x IS in., loaded 
to 4 or 6 kW, and 9 in. x 24 in., loaded to 4 kW. This 
means 19-23 watts per square inch. 

The general practice in the United Sta.ie.s is to use 
hot-plates containing elements of the Calrod ” type, 
which is a special construction evolved by the General 
Electric Co. of Ameiica. The coils of resistance wire 
are dra^vn into a metallic tube and embedded in mag¬ 
nesium oxide. These tubes are then heated and swaged, 
whereby the resistance wire is firmly embedded in the 
magnesium oxide. The tubes can then be lierit into 
any suitable shape and cast into cast-iron tops form¬ 
ing hot-plates. It may be interesting to note that 
elements of this construction are also being used for 
ovens and other cooldng equipment. Elements of 
this type have qiiite recently been manufactured in 
this country. 

Circular hot-plates for heavy-duty apparatus are not 
used in the United States, but in Germany and Switzer¬ 
land they are often employed citlier exclusively or in 
combination with rectangular and square jilates. The 
f ollowing are the average sizes and loadings:_ 

Switzerland. 

400-nim diameter, loaded to 4 kW, i.e. 20 • 5 watts per 
sq. in. • 

470 mm x 470 mm, loaded to 4 kW, i.e. lU 0 watts per 
sq. in. 

Germany. 

(1) 220-mm diameter, 1-6 kW, i.e. 26-6 watts per 

■ ■■ ■ sq. m. . . ^ 

(2) 3p0-mm diameter, 2-6 kW, i.e. 22-7 watts oer 

sqin, * r 

(8) 400-mm diameter, 3-6 kW> i.e. 17.9 watts per 
'sq..in.. 
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The larger German hot-plates are 

660 mm X 660 mm, loaded to 9 kW, 

600 mm x 700 mm, loaded to 11 kW, 

i.e« 13* 8 and 16 *9 watts per sq. in. respectively. 

These latter, square or rectangular, plates are recom- 
tnended for very heavy work. 

The case referred to previously, where roasting and 
other cooldng operations are carried out by different 
members of the kitchen staff, led to the design of boiling- 
cables . 

Boiling-Tables ,—These are practically the hob . of a 
Complete range, removed and put on a separate stand, 
except that a grill is never fitted. 

Boiling-tables, as we know them here, are not used 
in otlier countries. In Switzerland, Germany, and the 
p'mted States, if separate boiling equipment is installed 
it is usually combined with warming-cupboards or store 
cupboards. In America these appliances are marketed 
Tinder the name of ''cooking-tops.'' 

In this country, however, if anything is combined 
'With a warming-cupboard it is usually carving-wells 
yuth cover, and sometimes bains-marie. The latter are, 
in Germany and Switzerland, very often embodied in 
Che cooking range. 

There is no need to go into the details of warming- 
cupboards and bains-marie, as their construction, both 
xnechanical and electrical, is simple and well known. 

Pastry-Ovens ,—^These are very important apparatus 
in a large Idtchen, and in most countries are on similar 
lines and of the same type and appearance. The 
loadings vary according to the type of establishment in 
■which they are installed, and to a large extent any 
■variations must be left to the individual ideas of the 
pastrycooks and to the practice in different establish¬ 
ments and countries. 

The temperature at which pastry is baked is usually 
considerably higher than the ordinary roasting tempera¬ 
ture of meat, and therefore the loading is usually about 
0-7 watt per cubic inch- 

Bread-Baking These also form an important 

part of the equipment of a large, up-to-date kitchen. 

For use in conjunction with electric kitchens, baking- 
ovens of the Peel type are installed. 

Fish-Fryers ,—In Germany and Switzerland, where 
much less frying is done than in English-speaking 
countries, this operation is probably usually carried but 
iaa deep pahs on boiling-plates. 

In the United States and in this country, however, 
special apparatus has been designed for the purpose. 

The British equipment usually consists of suitable: 
pans heated from underneath, the elements being either 
s,.t:tached to the pan itself, winch interferes v^y much 
‘W^'th reiho'sml and cleaning, or fitted entirely separate 
from the frying-pan, which is the more recent tendency. 
Recording to the size of the installation ■the necessary 
accessories, such as draming-racks, prp’visioh for‘empty¬ 
ing ■the fat, btc., have to be provided. * 

The loading for these fish-fryers is fairly high, because 
-tlie cooling-down of the hot fat by the sudden immersion 
i^e material to be fried has to be taken into account, 
Xxi British fish-fiyers the lo is usually 2; 6-3 watts 
per cubic inch of pan. 


In the United States special apparatus has been 
designed, which is marketed under the name "fry- 
kettles." They are of a very elaborate construction 
' and are fitted with thermostatic control, and it is to be 
noted that the depth of all classes of the so-called " deep 
fat-fryers " is considerably greater in the U.S.A. than 
either here or on the Con'fcinent, This apparatus is 
used perhaps more for doughnuts than for the frying 
of fish and chips, doughnuts being almost a national 
food in the United States. 

In "this country, considerable advances have recently 
taken place in the design and supply of very large 
ornamental fish-frying ranges for installation in fried- 
fish shops. Particularly in Lancashire and Yorkshire 
this kind of. apparatus is becoming popular, and the 
author does not know of any similar apparatus in any 
other country. 

These fish-frying ranges are usually a combioation of a 
number of fish-frying pans mounted on an ornamental 
stand, sometimes provided with pic'fcures and mirrors on 
tiled grounds. 

In many cases these ranges are not specially designed 
for electric heating, and the framework can be used 
equally well for gas or oil heating. 

Grills ,electric grill and also the gas-heated grill 
differ from the old-fashioned coke or charcoal grill 
because the source of heat has to be above and not 
below the meat to be grilled. This means a reversal of 
the usual practice, and in many cases chefs object to it. 

Various efforts have been made, e.g. globar rods, to 
mount the heating elements below the meat and either 
protect them suitably or use material which would not 
be affected by fat dropping on it, but these efforts have 
not met with great success. There is not, however, any 
reason why, with proper handling, satisfactory results 
should not be obtained ■wi'fch the elements mounted 
above the food to be grilled; and all the large establish¬ 
ments which have made a practice, of electric grilling 
produce chops and steaks of at least as good a quality 
as with coal or gas. 

Some very large electric grills ins'talled in this country 
have been fitted with hot-cupboards in addition to the, 
usual grilling surface. Thanks to the use of electridL’ty 
and the fact that the heating elements are mounted 
above the meat, all the fat dropping off can be collected 
in a fat drawer specially provided for that purpose 
at the bottom of the grill. The value of the fat thus 
collected amounts to a considerable sum, and the author 
knows that in one particular case it practically paid for 
the current used. 

Grills are used in all countries. They are of very 
similar pattern and construction, except that tlie design 
of “the elements varies. In some cases china-panel 
elemen'ts are used, in other cases coils are mounted on 
deatS; 

In America, grills ^e called "broilers," and are exten¬ 
sively used in a great variety of establishments. The 
loadings are ■ 

England : 20-22 watts per sq. in. of grilling surface, 
Germany : 20-22 watts per sq. in. of grilling surface. 

U.S A. : 18-20 watts per sq. in. of grilling surface. 

Other dppUances,'rr-Th^ author does not propose to go 
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into the details of steaming-ovens, stock-pots, soup- 
boilers, vegetable-boilers, urns, and water-boilers, as the 
construction and use of these appliances are very well 
known. 

In Germany and Switzerland very large boilers 
arranged for tilting are installed. They are used prin¬ 
cipally for soup and vegetables, and can be tilted either 
by hand or, in the larger sizes, by worm gear. They are 
either equipped with direct side and bottom heat, or 
heated through a water or oil jacket. 

Appliances peculiar to the United States are waffle- 
irons, griddle-plates, sandwich-toasters, egg-boilers, and 
the fry-kettles already mentioned. Such apparatus is 
used in very large numbers as pantry and counter equip¬ 
ment for quick-lunch bars, railway buffets, cafeterias, 
etc., where electrically cooked food of a limited variety 
is supplied for rapid consumption. 

^ Quite recently, counter equipment, consisting par¬ 
ticularly of sandwich-toasters, waffle-irons, and similar 
appliances, is being introduced into this country, prin¬ 
cipally by American firms, but, in view of the increasing 
demand, British-made articles of this type will soon be 
available. 

An important accessory for any place where com¬ 
mercial cooking operations are carried out is a storage 
water-heater, which provides at any time water at 
180® F. for cooking and washing-up operations. Inci¬ 
dentally, these water-heaters provide a very satisfactory 
load and diversity factor for central stations. 

Marine Cooking Equipment. 

An undisputed testimonial to the reliability of present- 
day heavy-duty electric cooking appliances can be 
found in their ever-increasing use in the galleys of 
ocean-going passenger boats, as well as on board the 
warships of the different navies of the world. 

Ship's galley equipment has to be built on somewhat 
different lines from the usual shore apparatus. The 
rougher treatment which it has to withstand necessitates 
the use of heavier-gauge metals, etc., whilst the restricted 
space usually allowed for a ship's galley calls for a more 
compact design than is usuaL First and last, however, 
robustness of construction throughout must always be 
the keynote of manufacture. For example, in con¬ 
nection with certain naval contracts for cooking equip¬ 
ment, one clause states that the apparatus must be 
capable of withstanding continually the shock of heavy 
gunfire, without any portion moving, becoming loose, or 
brealdng. Each piece of equipment must be so con¬ 
structed that any wearing parts, elements, switches, 
fuses, etc., can be instantly replaced. 

On board ship as well as on shore, it is usual to em¬ 
ploy, where possible, a Certain amount of steam cooking, 
the necessary steam being supplied from the ship's own 
boilers. 

Main galley ranges usually comprise ovens and 
boiling-plates, only the grillers being separate units. 
The oven doors are always of the drop-down pattern, 
yrith short, swin^ng legs which rest on the deck when 
the door is open, thus forming a platform on which tins 
of meat can be rested. Thesie swin^ng legs must be of 
Uneven length to allow for the camber of the deck. 

The range hob-tables are fitted with fiddle bars, so 


that saucepans, etc., will not slide off in rough weather. 
A protecting hand-rail is also fitted round the edge of 
the hob-table to prevent the cooks from coming into 
contact with the heated top. 

Similarly, hot-presses (hot-cupboards) with carving- 
table tops are also fitted with protecting rails, while any 
covers over carving-wells must be so fitted that when in 
the raised position they do not swing about with the 
motion of the ship. 

In the hot-cupboards, all plates which are being 
warmed are housed in suitable plate-creels to prevent 
them from sliding about and getting broken or chipped. 

Urns and water-boilers are fitted inside with splash- 
baffles, and every precaution has to be taken to make 
everything perfectly safe and satisfactory in use. 

Electric Cooking on Railway Trains. 

It may be of interest to refer to electric cooking 
installations on railway trains, of which a number have 
been put in use in this country during the last few" 
years. 

The advantages of cooking by electricity in a railway 
train are obvious. The principal one is that the kitchen 
staff are able to do their work in a cool and pure atmr 
sphere. 

The electric cooking equipment on a railway trair is 
usually placed in a separate kitchen car. In the kitr nen 
proper, all the cooking equipment is mounted at one 
end, which leaves the remaining space for ordinary" 
kitchen work, the food being passed out through serving 
windows into the corridor. 

The equipment usually consists of a cooking-range, 
which is a composite unit embodying a roasting-oven, 
with a steaming-oven, a grill, and a hot-water tank 
mounted above, and a boiling-range writh hot-plates for 
frying, boiling, etc., and a vegetable-boiler of compara¬ 
tively large capacity. A hot-cupboard is also fitted 
for heating the plates and dishes required for the 
service. Arrangements are made for an adequate 
supply of hot water for cooking and washing-up. 

The electrical energy for operating the cooldng appa¬ 
ratus while the train is under way is provided by 
d 3 mamds carried on the under frame of the kitchen 
car, supplemented by a battery of accumulators to 
enable cooking operations to be continuous during 
intermediate stops. 

The d 3 mamos are each of 7*2- to lO-kW capacity, 
with self-contained automatic pole-changers, and they 
are belt-driven from the axle of the carriage. The 
machines are connected to the battery and cooking 
equipment by automatic switchgear, which functions as 
soon as the dynamos are running at the proper speed, 
and is disconnected when this speed is not maintained. 
The usual safety devices are installed for protecting 
the battery. 

Each cell contains from 15 to 19 plates fitted in 
ebonite boxes with sealed-down lids. The battery 
usually comprises 90 cells, three cells in a crate, 
and they are ariranged in two boxes on the under ^ 
-frame. 

The wiring is carried in enamelled, screwed conduits, 
which are earthed, as also are the frames or casings of 
the cooking apparatus. 
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Representative Installations. 138 000 units per annum, which is equivalent to approxi- 


It may be of interest to give some details of actual 
equipment installed, with particulars of the class of 
work done. 

Restaurant, —In one large public restaurant in Lon¬ 
don, where the catering is on good-class lines, the equip¬ 
ment was designed to provide about 6 000 meals per 
day. Such meals would mostly be d la carte, with a 
fair amount of grilling work. The equipment includes:— 

One cabinet roaster (61 480 cub. in.). 

One 4-oven island range (12 960 cub. in. per oven). 

Four grillers (each 864 sq. in. of grill surface). 

Five boiling-tables (7 000 sq. in. of plate surface). 

Three steaming-ovens (each 17 280 cub. in.). 

Four plain hot-cupboards (each 6 ft; X 3 ft. 

X 2 ft. 9 in.). 

One hofc-cupboard and carving-table (16ft. long). 

One hot-cupboard and carving-table (12ft. long). 

Two 20-gallon stock-pots. 

Three separate bains-marie. 

One fish-frying outfit. 

Two 2-deck pastry-ovens. 

Three half-sack baking-ovens. 

The total load connected is over 460 kW. 

TUe initial cost of this equipment was approximately 
£2 300. The maintenance cost amounts to approximately 
2^ pOT cent per annum. The approximate annual con¬ 
sumption is 366 000 units, or 1 000 units per day. 

The number of meals per day varies from 100 lunches 
and 300 teas up to 6 000 lunches and 12 000 teas, be¬ 
sides various banquets during the year. In one week 
last year 40 000 lunches and 66 000 teas were supplied. 

West End institution, —In the kitchen of a large West 
End institution, where the equipment was designed to 
cater for about 2 000 people per day on somewhat 
simpler lines than the^ installation just described, the 
appliances include:— 

One cabinet roasting-oven. 

One bank of three roasting-ovens. 

One 2-deck pastry-oven. 

One 3-pan fish-fryer. 

One large island-type boiling-table. 

Three hot-cupboards and carving-tables. 

Two bains-marie. 

One double-compartment griller. 

Two steaming-ovens. 

Four boiling-pans, for vegetables, etc. 

And in the tea-room servery there are:— 

Two toasters. 

Three milk urns. 

Three sets of water-boilers for tea-making. 

One large coffee-percolator. 

One set of egg-poachers, etc. 

The. total load is 230 kW. 

The initial cost of this installation was approximately 
£1 200, and the maintenance cost is slightly more than 
1 per cent per aimum. 

1000 meals per day, in addition to 4 000 mixed pastries, 
are supplied. The approximate current consumption is 
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mately J unit per meal. 

Hospital, —In a hospital in the West of England, 
where 120 patients are catered for daily, the electric 
cooking equipment includes the following:— 

Main kitchen:— 

One 4-oven range. 

One griller-toaster. 

One boiling-table. 

One fish-frying outfit. 

One water-boiler. 

Ward kitchens 
One small range in each. 

One water-boiler. 

One hot-cupboard. 

This represents a total load of 120 kW. 

Factory, —In the kitchen of a very large factory in the 
Midlands the electric cooking equipment supplies, on an 
average, 6 000 meals per day between 1 p.m. and 2 p.m. 
The equipment includes the following appliances:— 

Two large roasting-ovens, cabinet ty^e. 

Two medium roasting-ovens, cabinet type. 

Three small roasting-ovens, cabinet type. 

Two large fish-fryers. 

Two double grillers. 

One small range. 

This represents a total load of over 100 kW. 

The roasting-ovens will cook over 1 000 lb. of roast 
meat, as well as other food which can be accommodated 
in them, while the fish-fryers produce 120 lb. of cooked 
fish and 100 lb. of cliipped potatoes per hour. 

In this installation it will be noticed that no mention 
is made of steaming-ovens and similar apparatus. The 
reason is that a plentiful supply of steam is available 
from the factory boiler-house, and this steam is used to 
cariy out all cooking work which can conveniently be 
done by it— o. very advantageous arrangement, to which 
attention has previously been drawn.* 

American installation, —^The following are the par¬ 
ticulars of a large American installation in Chicago, 
with 260 kW of connected load:— 

Two 12-kW, 3-deck pastry-ovens. 

One proving-cupboard, automatically controlled. 
One twin hot-plate. 

Two electric cooking-tops. 

One electric range with ovens. 

Three 4-kW fr 3 dng-kettles. 

Two 10-kW broilers. 

Two 40-gall, stock-pots. 

Two 12-kW vegetable-steamers. 

Three 6-gall, coffee urns. 

One 10-kW double-deck roasting-oven. 

One automatic toaster. 

One 3-kW gpriddle. 

One electric roll-warmer. 

One 2-section wafl9le-baker. 

One 6-kW steam-boiler, 

. * The average current consumption is 1000 units per week for 25 600 meals 
served. Maintenaiwe expenditure is ne^iglble. 
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One egg-boiler. 

Two bain-marie pans. 

Four plate and food warmers. 

Two special coffee-cup warmers. 

One electric batch-warmer for sweets. 

9^1 average monthly consumption of this kitchen is 
za 000 umts, with a maximum demand of 146 kW. The 
la^e numlwr of small appliances is to be noted. 

German insMlation .—One of the largest kitchens in 
^rmany, which has a total connected load of 646 kW 
IS eqmpped as follows:— ’ 

Two large cooking-ranges, fitted with 16 round 
hot-plates, 4 square hot-plates, and 6 roastinv- 
ovens. ° 

Two boiling-tables, each fitted with 8 round 
hot-plates, also a hot-cupboard and bain- 
marie. 

One range fitted with 4 round boiling-plates, 2 
square boiling-plates and 2 ovens. 

Three boiling-tables imth bain-marie. 

^ number of 
taltmg boiler^ referred to previously, the biggest one 
With a capacity of 400 litres. 

The total load is 160 kW. 

There are in addition:— 

Two warming-tables. 

Seven hot-cupboards. 

Two grills. 

Three storage water-heaters, each with a capacity 
of 2 000 litres. ^ ^ 

Energy Consumption. 

It may perhaps be interesting to give some details of 
energy consumption of different types of premises 
usmg electriaty for cooking:— ^ 

(1) A West End drapery establishment using elec- 

tacity and stearh from main boilers and supply¬ 
ing approximately 2 000 good-class luncheons 
and 2 000 teas per day, 6 days per Week, i.e 
approximately 600 000 of each meal per year 

Connected load, 244 kW. 

Units used, 146 000 per annum. 

(2) -A. W«t End institution supplying 600 lunches and 

1 200 teas daily, 6 daj^ per week. All-electric 
(40 weeks per annum);— 

Connected load, 100 kW. 

Units used, 112 600 per annum. 

(3) A West End educational establishment supplying 

120 lunches and 360 teas daily. AU-electric. 
but closed for 3 months of the year:— 

Connected load, 131 kW. 

Units used, 39 761 per annum. 

(4) A hospital catering fully for 800 people daily. 

quipment partly steam. Three meals per day 

are giyen, and all bread is baked electric- 
■ ^ally:*^— 

Connected load, 160 kW. 

Unite used, 124 800 per ahnmn. 


It will be seen that the current consumption per head 
per meal for the above four cases is as follows:_ 

(1) 0’143 unit. 

( 2 ) 0‘312unit. 

(3) 0*424 unit. 

(4) 0*143 unit. 

Therefore, where steam is used for certain work 
electee cooking for the remainder can be carried out at 
0-143 umt ^r head per meal, and where the installation 
IS all-elecriic the consumption would be from 0-312 to 
0-424 unit per head per meal, according to the class of 
meal supplied and also the quantity. 

The cost of maintenance is an important considera¬ 
tion. It may be divided into two sections: (a) mechani¬ 
cal, and ( 6 ) electrical. ' 

^ far as mechanical maintenance is concerned, this 
will very much depend upon the treatment of the equip¬ 
ment by the kitchen staff. The electrical maintenance 
ma,y consist, of renewals of boiling-plates, elements, 
switch^, etc. The replacement of electrical material 
depends very much upon the nature of the establishment 
and for equipments installed in canteens, hospitals,’ 
etc., where set meals and hours are maintained the 
mainten^ce costs are very low, averaging between 

annum equipment per 

For eqmpments installed in busy restaurant kitchens 
Where the appliances are more or less in use for’very 
long hours, the maintenance costs are higher, and may 
vary from 3 to 6 per cent of the cost of the equipment 
per annum. Hot-plates left on at full heat all day and 
omg little work may require fairly frequent replace¬ 
men . This, however, can be reduced to a minimum if 
me kitchen staff is properly instructed and uses to the 
best possible advantage the 3-heat control provided. 

Volttge fluctuation may have a certain influence on 
cost of^ maintenance. The author has not, however 
b^n able to trace any definite trouble due to this cause! 

It IS obvious that if the voltagerises abnormally the life 
otheatmg-elementswillbereduced. Generally speaking 
howevCT, the elements and boiling-plates for com- 
m^cial cooking equipment allow for ample margin, 
it failmes occur, it is, of course, very difficult to trace 
tncin to a possible voltage-surge. 

Bread-Baking. 


It may not be out of place to refer briefly to electric 
DaJong because in larger commerdal cooking installa¬ 
tions it IS not unusual for ^ the bread, rolls, and con¬ 
fectionery to be produced eifher in the kitchen or in a 

separate baking establishment. 

Since Mr. EUerd Styles read his paper in 1928,* elec¬ 
tric baking has developed very rapidly, not only in this 
but all over the Ckmtinent and also in the 
United States. Quite a number of all-electric bakeries 
have been installed, and the results are entirely satis- 

lactory to bakers and consumers. 

^ Tbe effect of electrib baking bn the atmosphere in the 
bake^,, and particularly on the health of the personnel, 
has become very marked, and it is a well-established 
•AE.E,, 1928, vol. 66,p. m 
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fact that bakers who have been accustomed to working 
in an electric bakery will not agree to work fuel- or gas- 
fired ovens. 

Rates for electric current available for baking have 
been very much reduced, and there is no doubt that 
progress in this direction will continue. 

Attempts have been made to abolish night baking, 
but without results. Varying conditions exist in dif¬ 
ferent districts, and the time of starting work is governed 
by the size of bakery and the output. Laws enforcing a 
specified time would cause many small bakeries to close 
and larger ones to double their plant and increase their 
accommodation for such plant. In crowded areas this 
would be impossible in most cases. It would probably 
necessitate moving to an entirely new area, at great 
expense and inconvenience. Opposition has therefore 
been met from the large and the small baker alike. 

Incidentally, the author would like to point out 
that if the prohibition of night baking became a 
fact the electric baking-oven would have a great 
advantage over any other form. It would be quite 
an easy matter, by a time switch, to have the electric 
oven switched on before the workpeople arrived, so 
that they would find the oven ready and hot when it 
was time to begin their work. It is true that the ques¬ 
tion of the preparation of dough has to be considered, 
but, no doubt, arrangements would be made in that 
case to prepare the goods in proper time. 

The author would like to draw attention to a 
recent occurrence which throws some light on tlie 
existing out-of-date legislation. A year or so ago it 
was decided to install a baking-oven in a certain district 
in the London County Council area. The local sur¬ 
veyor insisted that the oven should be mounted on a 
concrete base 6 in. thick extending 18 in. all round the 
oven. He produced his authority, and sure enough 
the bye-law framed over 30 years ago stated that such 
provision must be made for all ovens except gas-fired 
ones. Pressure was brought to bear on the authorities 
concerned, and now the bye-law also excepts electric 
stoves. As the bye-law naturally covered domestic 
cookers and commercial cooking equipment, very many 
supply authorities had been transgressing for a large 
number of years. 

Supply Axjthorities and Commercial Cooking on a 
Large Scale. 

The development of electric cooking on a large scale 
is absolutely dependent upon the supply of current at a 
reasonable rate. Opinions differ as to what is a reason¬ 
able rate, but it has been found in practice that com¬ 
mercial cooking becomes a possibility when current can 
be supplied at Id. per unit or less. 

The comparison of the cost of electric current with 
the cost of fuel is apt to be misleading, because, all the 
savings in installation and the advantages of cleanliness 
and hygiene have also to be taken into consideration. 

Where gas, however, is being considered, it may be 
assumed that vdth gas at 8d. per therna, ^ectricity at 
Id. per unit offers ihe usual advantages as compared 
with gas. If the price of gas is higher pr that of elec¬ 
tricity falls below Id. per unit, the advantages are 
decidedly on the side of electrici’^ in bVery respect. 


The effect of a heavy cooking load on supply stations 
varies, of course, according to the nature of the demand. 
Nowadays, supply stations are very often prepared to 
give special rates, either on account of the large normal 
demand or because the maximum demand may coincide 
with the day valley of the load curves. 

As far as canteens are concerned, where a definite 
meal is supplied at a fixed hour for a fixed number of 
people, one may assume that the maximum load coin¬ 
cides with the day valley, and a very reasonable rate 
ought to be quoted. 

For hospitals and similar institutions a second meal 
has to be considered, but again the hours are regular 
and provision can be made accordingly by the supply 
authorities. 

The actual catering trade, however, is in a different 
position, and the maximum demand and the diversity 
factor must vary according to the nature of the estab¬ 
lishment. There must be a difference between small 
boarding-houses, simple restaurants, and large luxury 
hotels. 

The load varies considerably in the larger establish¬ 
ments and it may therefore become necessary to give 
them a high-tension supply from a transformer station, 
if electric cooking becomes generally acceptable for 
establishments of this kind. 

In building up the heavy cooking load, it would be of 
great assistance to consumers and manufacturers if a 
perfectly clear-cut system of charging for current were 
available. The author recently came across a system 
of charging for current which varied with the price of 
coal, plus a sliding charge per kilowatt of demand, plus 
a sliding charge for the number of units consumed. The 
local gas Company only charged 7d. per therm for gas. 
It is obvious that a complicated method of charging 
must have a deterrent effect on prospective users of 
large cooking equipment. 

In this country some supply autliorities have been' 
very helpful towards the development of commercial 
cooking by letting on hire to their consumers even large 
installations, and by undertaking the maintenance. 
Such an arrangement inspires the consumer with great 
confidence, and it is to be hoped that this policy will 
gain further ground. 

The author is in a position to give some interesting 
particulars of German and American practice. 

In Germany there are at present about 250 large electric 
kitchens. The annual consumption of each varies, be¬ 
tween 60 000 and 600 000 units, and it is interesting to 
note that even the smaller canteens and restaurants 
have very important consumptions of electricity. For 
instance, the canteen of a factory employing 360 men 
consumes annually for its kitchen between 40 000 and 
60 boo units. 

A restaurant witli about 160 seats shows a consump¬ 
tion of 100 000 units, whilst large restaurants and hotels 
will reach 300 000 units and more. 

The maximum demand of an electric kitchen will 
vaiy with the habits of each particular country. In 
Germany a simple canteen equipment will show a majci- 
mum load about two hours before the meal hour. In 
hospitals the morning load is usually heavier than the 
evening load. In Germany, where it is usual to have 
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late suppers, the evening load for restaurants and hotels 
often comes several hours after the peak of the evening 
load of the supply station. 

It has been found that the consumption in Germany 
is as follows;— 


Number of 
persons 


Approidmate units required per head per day 


Hospitals 


In the United States the energy consumption in 
hospitals and small restaurants will average 0*2 to 0*5 
unit per meal. In a European hotel the average will be 
0‘3to0’75. 

In the Commercial Cooking and Baking Sales 
iMued by the National Electric Light Association of the 
Umted States, some interesting data are given illus¬ 
trating the importance of the heavy cooking load to 
supply authorities. For an hotel with 100 rooms 
serving an average of 9 907 meals per month, the average 

a total cost oi 

557.66 for electric current for cooking and baking. 
t 1 ^ ^0-room hotel, the net annual cost of electricity 
for electee cooking was }4147.47. The average con- 
sumption per meal was 0*71 unit. 

L^er information from the United States is given in 
an article m the Electrical World of the 23rd May 1931 
It IS stated that a survey of 24 representatiye dectric 

added 

MidnmeS cooking and baking 

represents an increase of more than 
5700 000 in annual revenue. Whilst, in 1926, ISrepre- 

000 kw of connected load for commercial cooking 
at the end of 1930 the same companies had a toial 
of more than 60 000 kW connected^ using an Tv^t 
of more than 1 800 units per yeiwr per kilowatt ^ 
The power companies in the United States realize the 


3 importance of the market for commercial equipment, 
\ and they have rapidly learned to appreciate what rates 
are necessary in order to sell equipment and current on 
a sound basis. 

The general opinion of American supply companies is 
that the load due to heavy cooking is worth having, for 
the following reasons:— 

(1) One can expect about 1 kW of potential com¬ 

mercial cooking and baking load for each 
resident customer. 

(2) The load has very favourable characteristics, «'ind 

can represent 1 500 to 2 000 units per year fur 
each kilowatt connected. 

(3) It possesses an advertising value for domestic 

cooking. 

There is no doubt that owing to the clear under¬ 
standing of the potentialities of the heavy cooking load 
in the United States, progress during the last hnv years 
has been extremely rapid. Most of the larger supply 
authorities have in tlieir employ special engineers whoso 
sole duty it is to push commercial cooking. 

In Germany, progress during the last few years has 
also been rapid. 

In this country, however, the advance has not been 
so rapid as might be desirable from not only the manu¬ 
facturer's, but also the supply engineer's and consumer's 
points of view. There are certain supply authorities who 
have cultivated this load and are very satislunl with the 
results. There are others where complicated methtids 
of chargmg, such as that already mentioned, interfere 
seriously j^th progi*ess. There seems to be a little 
doubt in the minds of some central station engineers as 
o e desirability of the load, but in every district there 
establishments with characteristics which 
^11 allow the supply authority to obtain a load during 

"valleys" and at the same time not 
materially increase the " peaks." 

co-operation of all the interested parties 
will be glad to have been of assistance. 

and aJso’tft “ preparing the paper, 

and also to the following firms who supplied infornia- 

S international 

^.Commonwealth Edison Co., Benham and Sons, 
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Mr. R. S. Downe: Itwas 20 vears avo t>in+o * 

Hi 

S equipment. In order to widen our working t^av a™. ! installations j 

e long today. Amongst the multifarious u.ses 
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electricity at the present time, heavy commercial cooking 
must take a very high place. It constitutes a very 
desirable load, in view of the fact that it is on for 7 days 
each week throughout the year. In connection with 
new buildings, there are large numbers of hotels, board¬ 
ing-houses, clubs, etc., in our areas where electric cooking 
is not being adopted, probably (as the author suggests) 
because of the difficulty of oyercoming the objection of 
the chefs. Hotel and restaurant chefs are artists who 
have been accustomed to producing results with certain 
tools, and they do not like to jeopardize those results by 
using tools to which they are not accustomed. It seems 
that we shall have to have properly trained assistants 
to deal with this branch of the business, and we must 
insist upon having standardized equipment which we 
can let out on hire in units. As regards the cost of 
energy, a Jd. per unit unrestricted cooking rate is offered 
by one London company, while for other companies the 
figure is |d., so that there does not appear to be any 
difi&culty on that score, 

Mr. V. C. Hardy: I recently installed an electric 
kitchen in the Dorchester Hotel and it has proved to be 
a great success. The chief difficulty encountered was 
that of educating the people who were going to use the 
kitchen, and I found that this could be done only by 
patience and time. I think that chefs condemn electric 
cooking because they believe it to be unreliable. A 
similar difficulty occurred when chefs were converted 
from coal to gas, but it was eventually overcome, and I 
have no doubt that the use of electricity will spread 
much more quickly than, did the use of gas. Electricity 
is very desirable as a heating medium, because it is the 
nearest approach to coal so far as heating effect is con¬ 
cerned. It is useful to impress this point on chefs, who 
as a rule have been trained to use coal-fired cooking 
apparatus. This similarity between the heating effects 
of coal and electricity has been confirmed at the Dor¬ 
chester Hotel kitchen. So far as speed is concerned, in 
high-class d la carte cookery the speed at which certain 
dishes have to be cooked cannot be varied, no matter 
whether coal, gas, or electricity is used. The great 
advaniage of electricity for cooking these dishes is that 
it enables one to obtain the exact temperature required 
for the kind of food one is going to cook. Electricity 
gives better results because it is more scientific than 
rule-of-thumb methods. On the subject of educating 
the staff, it is very difficult to get them to accept the 
change to electric cooking stoves, because to change the 
methods employed in big kitchens staffed by about 80 
chefs is like altering the whole S 3 ^tem in a works. It is 
difficult to dogmatize about the lay-out of kitchens, 
because each one is designed to suit a special purpose. 
A kitchen such as that to which I am referring has prob¬ 
ably to be much larger than one which caters for three 
or four times the number of people, all of whom are 
served with the same dishes at the same time. In a 
high-class hotel most of the dishes axe cooked specially 
for each customer, so that a large amount of small 
cooking apparatus is necessary. Special large-size 
apparatus is also kept for catering for banquets, We 
have applied electricity to the announcing of orders. 
Formerly a kitchen clerk was; employed who created a 
great amount of noise by shouting but the names of the 


dishes required, whereupon every member of the cooking 
staff concerned in a particular order shouted his assent. 
We have eliminated all this noise by installing micro¬ 
phones and loud-speakers in the various departments of 
the kitchen. So far as the t 3 q)e of apparatus is con¬ 
cerned, solidity is the most important point. The 
average Continental kitchen staff will break anything 
which is not very solidly constructed. In this connection, 
if the switches on cooking ranges are placed near to the 
top of the ovens (as shown in one of -toe author’s slides) 
they are quickly broken off. They should be placed 
within easy reach but well away from the range, prefer¬ 
ably overhead. Indicating lamps are useful to show 
whether the ovens are one-quarter, half, or full on. 
If only one lamp is fitted it is difficult to tell whether an 
oven is one-quarter or half on, and we therefore provide 
commutator switches and a bull’s-eye arrangement 
giving one, two, or three lights with one lamp. We 
employ gas boiling-apparatus throughout, because we 
found that electrical boiling was too slow and the equip¬ 
ment apt to become damaged through water boiling over 
on to it. We use a lot of steam for vegetable cooking 
and big boiling-pans. The ordinary technical wiring 
difficulties have been overcome. Nickel-chromium strips 
are necessary instead of copper near the ranges, because 
of the heat. ^ The loadings which we employ we have 
arrived at ourselves by experiment. When we first 
introduced electric ovens the chefs were apt to complain 
that these were insufficiently hot, but this was only 
because the ovens had not been switched on long enough. 
However, we greatly increased the loading, so as to 
reduce the time necessary for heating up. In the last 
few months we have gradually reduced the loading again 
without their knowing 1 In a big kitchen serving a 
restaurant where orders are given suddenly, the ovens 
must be at the correct temperature for . cooking what is 
wanted right away, whether gas or electricity is used. 
The kitchen porters turn on the electric ovens at a 
certain time every day, and when they were very much 
overloaded they often attained too high a temperature 
and orders were ruined. This overloading was employed 
in the first instance to show the chefs what could be done, 
and it worked very well; but we have saved a lot of 
money lately by reducing the loading of the 8-kW ovens 
to 6 kW. We have found electric baking to be very 
successful. AH our apparatus is British-made. We 
have a small oven from whidhwe obtain the large output 
of from 2 000 to 3 000 rolls per day, in addition to all the 
usual bread. The baker has so far had no trouble with 
the electrical equipment. At the price at which we 
purchase energy, the overall running cost of the kitchen 
is very low. With regard to the type of apparatus, 

I think most chefs favour drop-down doors, which can 
be kicked shut with the foot. Some of the equipment 
shown in the author's slides was rather , highly loaded, 
probably because rapid cooking was essential. We find 
that 5 kW is quite enough for an ordinary oven of 
medium size. Electricity is used throughout our kitchens 
for washing-up, ventilation, etc., in addition to cooking. 

Mr# W. EUerd-Styles: I think that a better title for 
the paper would have been Heavy-Duty Cooking by 
Electricity." I prefer to use the word "commercial" 
in the sense of a " commercial proposition," rather than 
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to appty it to any distinct section of electric cooking. 
As regards the paper itself, it is stated on page 171 that 
“all electrical apparatus is properly lagged can the 
author give us any figures of the amount of lagging 
employed? Dealing with the question of shrinkage, 

I think he is a little conservative in his estimate of 10 per 
cent. My experience shows that whereas with elec¬ 
tricity the average loss due to shrinkage is 11 per cent, 
with gas and coal it is 31 and 29 per cent respectively. 
These figures were obtained from tests with joints of 
beef and mutton. Turning to the question of the cost 
of energy, I am informed by a friend in Sweden that 
Stockholm has a very low cooking tariff of 0*6d. per 
unit from 11 to 2 p.m., and l'2d. per unit from 2 to 

II p.m. In the provinces, however, the rate is from 
0*9d. to l«8d. per unit, which is considered to be very 
expensive. While the use of domestic electric cookers 
is on the increase, the chief obstacle in the way of 
development is the cost of electricity. Although this 
seems strange in view of the fact that a good supply of 
water power is available, we must bear in mind that in 
Sweden and other parts of Europe the bakers are accus¬ 
tomed to use ovens which can be heated satisfactorily 
by means of wood. The design of electric cooking i 
equipment has been largely based on gas-cooker practice. 
There is no originality in electric cooking. For instance, 
the old-fashioned hinged type of door is used on electric 
cookers because it was originally embodied in ttie gas 
cooker. The large electric baking oven used exclusively 
for bread has elements placed in tubes, and these tubes 
are fitted inside just as in the case of the steam-pipe oven. 
Although this is orthodox practice, it is nevertheless 
wrong. For purposes of comparison let us consider three 
ove^ of the same size (4 ft. x 4 ft.), the loading of the 
fet bemg 10 kW, of the second 8 kW, and of the third 

6-9 kW. These ovens wiUall attain the baking tempera- 

toe in approximately the same time, and they also take 
the same time to bake a loaf of bread. The commercial 
user of baking ovens is solely concerned with the question 
of cost, and will therefore choose the 6-9-kW oven 
which has the smallest consumption of the three. This 
shoTO ^at the loading of an electric oven is an important 
factor from the point of view of sales. I should be glad 
to author would give further information regarding 

With matenal to be baked. We badly need 
some information as to the correct design for electrical 
^mpment and it seems to me that this 4«astionlS 

^ should also like 

to know why toe use of beads for insulation is not 
^ ^ the problem of side elemente 

top and bottom elements. I am in favour 3 

toDa3d^3:+f“ f if possible, both 

connection wito the design 
break a^ 


ry 1 ovxiiommg aircr tne pattern 

T.iii<r • • s^t®_Smrth’s table-pattern apparatus with 

Plugm utensils? Hot-plates for scon« 

to^NoT+K^ which large numbers are employed in 
tte No^ of England and in Scotland, are not rSeto 

£ to toe^^^" be glad of some parti^l^ 

S? SleJdt^ea inLlations. 

tMT. Ellerd-Styles here exhibited some lantern slide^ 


showing representative German electric cooking equip¬ 
ments.] In this design of cooking range provision is 
made for coal heating in the event of a breakdown. All 
these German ranges have a guard rail round them, a 
very good practice not generally adopted in this country 
except for marine work, where it is used on account of 
toe rolling of toe ship. I do not advocate a taiilf of Id. 
per unit for electric baking; it makes a great dificrence 
if the price is reduced from Id. to |d. or Jd. per unit. 
At ^d. per unit electric baking becomes a commercial 
proposition; at |d. per unit the increase in baking cost 
is 60 per cent, and under certain conditions I recommciul 
electee baking and cooldng at this rate, but I alwa 5 ns 
advise consumers not to accept a rate above Jd. per 
unit. I do not agree wito the author when he .statea 
that toe abolition of night baking would render electric 
bakmg advantageous in comparison with fuel-fired 
ovens, unless he confines this remark to brick-built 
thermal-storage ovens. With steel-cased ovens no 
advantage is secured, seeing that at least 2 hours are 
required in which to prepare the dough for the oven. 
Tests on a brick-built steam-pipe fuel-fired oven show 
that after 12 hours’ idleness the oven temperature .still 
remains at 400° F., and witoout forcing the firing it is 
possible to raise toe temperature again to the 600“ F. 
level required in from 65 to 60 minutes. It would be 
difiScult for toe electric oven to improve u|)un this, 
^though toe author stated in 1928 that he was not in 
favour of thermostatic control on ovens, the following 
indent justifies my opinion that such control is dcsir- 
able During toe Christmas holiday period a member of 
the staff was mstructed to attend and switch on an oven 
so ^ to avoid the excessive cooling-off during 4 days’ 
Shut-do^ The oven in question was fitted with a bank 
of pilot hghte. The individual concerned inadvertently 
left the building witoout opening the switches, and 
24 hours afterwards toe oven had become so overheatal 
^ to cause^toe crown of the baiting chambere to .sag 
and toudi the oven poles. It was not possible to deter- 
min® toe maximum temperature readied by the oven, 

ran^iio® boxes ultimately resembled 

^dlo ggease. The oven was ruined, toe result being 
a ^ of more than £600, Similar trouble occurred in an 
wh^ a rime-switch was fitted. Neglect to 
TOd toe clock resulted in toe oven becoming overheated 

fitog of a th^ostat to limit temperaturc-ri.se would 
prevent suto Mppenings. In condu.sion. I should like 

Major R. Tandy: I am sorry that the author has 
not smd any^ about toe mechanical constrection 
of toe apparatus, which I consider to be very important 

01 nrat cost. The mamtenanoe costs which he irives 
t3to?h£t^®'*^®y low side, unless they apply only 

wSTrSr*^- “® “‘entioSSZ 

TOrii electnmty than when used with gas? I find that 

»« tafa, at tot S5 i« c« to S ^ 
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Others; this may, of course, be due to bad contact. In 
one large hotel in the tiorth with gas cooking the main¬ 
tenance of pans costs over £500 per annum, and if part 
of this maintenance could be saved by the use of electric 
hot-plates electric’ cooking at this hotel might become 
a commercial proposition. The cost per meal is, I con¬ 
sider, an unsatisfactory basis for comparison; a better 
one would be units per cost of meal, unless it were stated 
of what the average meal consists. The installation at 
Euston Stetion (rating approximately 200 kW) has a 
consumption of 1 unit per hot meal, quite a good figure 
in view of the fact that the apparatus is 18 years old. 
In all the cases quoted by the author, the number of 
teas far exceeds the number of lunches. I do not quite 
understand his remarks about bulk supply. The units 
used for cooking must be debited to cooking, and Id. 
per unit is too high a price for energy for this purpose; 
something in the neighbourhood of -Jd. per unit would 
pay commercially. The author states that the advan¬ 
tages of using electricity for cooking are cleanliness, 
speed, and economy. The first cannot be questioned, 
but the second and third certainly will be. He states 
that the loss by radiation should, be ignored; if this is 
done, however, the kitchens will have to be heated by 
some other means, the cost of which must be taken into 
account. Ho mention is made of the heat-storage S 3 rstem 
of cooking on a large scale. This method will probably 
be strongly advocated by the supply companies of this 
country, owing to the constant load and low maximum 
demand involved. With regard to cooking on trains, 
the London, Midland and Scottish Railway have not 
yet had any of their trains equipped with electric cookers, 
owing chiefly to the high first cost and also to the cost 
of accumulators. 

Mr, W. A, Gillott: I am rather disappointed at the 
small number of technical calculations and figures in¬ 
cluded m the paper. On page 173 the author states that 
for the internal wiring of cooking equipment impregnated 
asbestos-covered wire is used and wires are brought 
through the lagging: does he recommend this method 
of wiring ? I prefer to see the wiring of cookers rigidly 
mounted on steatite or porcelain insulators, thus obviat¬ 
ing the possibility of the troubles so often met with in 
connection with asbestos-covered wiring, and I deprecate 
the practice of passing the wires through the lagging. 
The wires should be attached to a solid terminal block, 
iiius making a sound engineering job. Regarding the 
relative merits of top and bottom or side elements for 
roasting-ovens, the position of the elements must depend 
upon the shape of the oven. Those types where the 
width exceeds the height or depth often have the elements 
fitted on the back; such ovens usually have double doors. 
Mention is made of the use of monel metal for the oven 
lining, and I should like to know whether the author 
has had experience over an extended period of monel- 
metal interiors ? If so, how do they behave under heavy 
working condi^ons? He states that the plug-in type of 
oven element is liable to give trouble under heavy-duty 
conditions ; th^, however, is entirely a question of design. 

I have had ejqperience of the successful use of plug-in 
elements with large roasting equipment extending over 
a period of almost 20 years. Provided one houses the 
termihals in at comparatively cool position no difSiculty 


should ^e. I agree with the author as to the difficulty 
of making allowance for the idiosyncrasies of foreign 
chefs. ^ With the extended use of large cooking equip¬ 
ment in kitchens this difficulty should, however, to a 
large extent be overcome, as the results of working 
under modem conditions will bring out many points of 
operation that will tend' to provide for the personal 
fancies of the chef. Manufacturers may therefore find 
that it will not be so necessary to alter their patterns 
to meet so many small requests. On page 175 it is 
stated that pastry-ovens usually have a loading of 
0-7 watt per cub. inch, but the type of pastry-oven is 
not mentioned. For many years I have handled and 
sold pastiy-ovens with a maximum loading of 0-5 watt 
per cub. inch which have given every satisfaction as 
regards both cooking and maintenance results. These 
ovens have sheet-steel interiors. The author is probably 
referring here to ovens with tiled or slab bottoms, 
necessitating a higher loading to heat up the oven. 
Turning to the question of grilling, provided suitable 
drawers are fitted for the collection of fat the saving 
effected in this direction will be sufficient to pay a large 
proportion of the total cost of the current consumed by 
the installation. I have had experience with an installa¬ 
tion catering for some 2 000 meals per day, where the 
value of the fat recovered from the grills was more than 
the cost of the electricity, used per day. I am surprised 
to find that so little has been said regarding electric 
cooking on trains, for the introduction of which I was 
largely responsible. A paper* which I read before the 
Institution about 15 years ago commenced a discussion 
on train cooking, and I was subsequently asked to 
investigate the proposition. I made experiments on the 
(then) Great Northern Railway, and produced figures 
that enabled suitable battery and generating plant to 
be designed. The cooldng equipment for some of. the 
restaurant cars on that railway was built up on the 
information secured. During the tests when the gas¬ 
cooking equipment on the train was being worked at 
its full capacity, the temperature in the kitchen reached 
a maximum of 111® F. It was necessary to remain in 
the kitchen the whole period of the journey, as on that 
day three shifts of meals had to be prepared for lunch 
and dinner. Observations were taken every 10 minutes 
over the entire trip of the number of gas-jets burning, 
and from this the approximate consumption' of gas was 
obtained. From the readings the number of B.Th.U. re¬ 
quired was calculated, and tins figure was used to give the 
necessary kW demand. The first kitchen equipment was 
installed a little over 10 years ago, and as a result of the ex¬ 
perience several dining-car electric kitchens were ordered 
for the trains of the London and North-Eastern Railway. 

Mr, J, J. McKeiuia : I am sorry that the author does 
not give more detailed information about the cost of 
running electric cooking equipment, especially with 
reference to the t 5 q)e of meals being cooked. To give 
figures of cost per meal is not very informative unless 
one knows exactly of what the meals consist. In large 
restaurants it is obvious that the cost per meal will be 
considerably higher than in hotels and canteens. More¬ 
over, the paper does not deal in a sufficiently detailed 
way with maintenance costs. Of all electric cooking 

♦/wfwrf1918, vol. 6G, p. 102, 
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equipments, none are misused more than those in 
restaurants; the result is that as a rule the maintenance 
costs of such installations are fairly high. If purchasers 
of electric cooking equipment find that they have been 
m isinformed by the manufacturer regarding the running 
and maintenance costs of the equipment, they soon 
spread the news to other users of cooking apparatus and 
in consequence great harm is done to the industry as 
a whole. I believe the most satisfactory results from 
the point of view of the customer are obtained in con¬ 
nection with baking ovens, where the costs are com¬ 
petitive and in fact very often less than those of other 
methods of heating. Here again I should like to see 
more actual figures of both maintenance (which I know 
is low) and baking costs. With regard to fish-fryers, 
while there is a large volume of potential business in 
this sphere for electrical appliances, considerable diffi¬ 
culty is encountered in the design of fish-fryers to give 
satisfactory service. There is the question of raising 
the oil quickly to a high temperature, and the loading has 
to be high in consequence, and also in order to maintain 
that temperature when large quantities gf fish are put in. 
As a result there is a danger that in the intervals when 
cooking is not in progress the oil is liable to get burnt. 
Can the author recommend any method for overcoming 
this difficulty whilst still giving quick operation ? His 
figure of 2*5 watts per cub. inch for the loading of pans 
is not very informative; the loading ought to be given 
on the basis of the square inch of heating surface because 
the elements are generally underneath, either clamped 
to the bottom of the pan or fitted separately. The 
loading per cubic inch conveys nothing, because the pan 
may be either shallow or fairly deep. Can the author 
give a figure for the loading per square inch ? 

Mr. S. J. Benham: When on a visit to America I 
was surprised at the small amount of electric cooking 
apparatus in use in that country. I should say that 
there is a good deal more heavy-duty electric cooking 
apparatus in use in London than in New York. In both 
New York and Chicago I was told that electric cooking, 
except for baking ovens, is far too expensive, owing to 
the high cost of current. I am surprised that the author 
makes such a great point of the saving in the loss of 
weight of meat involved by electric cooking. There is 
only a saving if no vent is fitted to the oven, whereas I 
think that for every large cabinet or other roasting oven 
a vent is absolutely necessary for satisfactory cooking. 
Ovens are often filled not only with meat but also with 
such things as batter puddings an,d potatoes, which give 
off a great deal of steam. If no vent is provided or the 
vent is too small to carry off that steam, the food is 
partly steamed and partly roasted; it has not the correct 
colour, and a good chef will not approve it. I agree 
with the author that where steam is available it should 
be used for steamers and boiling-pans, and I think it 
should also bh used for tea and coffee apparatus, hot- 
cupboards, etc. Where 2 000 to 4 000 meals are required 
daily, it is better and more economical to put in a steam 
boiler and steam-cooking apparatus than to attempt to 
do all the cookmg by means of electricity. Mr. Hardy 
referred to the fact that the ranges at the Dorchester 
Hotel have gas boiling-tops.; I think that in a cooking 
installation for a large hotel or r^taurant where many 


meals are served it is better to have a gas boiling-table 
than to attempt to use electricity for boiling purposes. 
This idea has been adopted in many large institutions. 
For instance, at the head offices of the Midland Bank, 
where there is a very large staff canteen, the new Princess 
Beatrice hospital at Fulham, and the new clinic in the 
Marylebone Road, London, the cabinet roasting-ovens, 
grillers, and fish-fryers are all electrically heated, the 
boiling table is gas-heated, and steam is used for other 
purposes. There is a good deal to be said for combining 
the three types of fuels in this way. It is interesting 
to note that in the Princess Beatrice hospital the steam 
is actually generated by electricity. I do not agree with 
the author's comparison between the costs of electricity 
and gas, and I regard as incorrect his statement that 
electricity at Id. per unit or under will compare with 
gas at 8d. per therm. I think the former figure should 
be |d. per unit for electric cooking. The future of 
electric cooking apparatus depends mainly on the cost 
of current, and I do not think that Id. per unit is 
attractive enough. I hope that the supply companies 
will shortly supply current at Jd. per unit. 

Mr. C. M. Fiander: The author refers to electrically- 
operated fish-fryers, and states that, provided the tariff 
does not exceed Id. per unit, the overall operating cost 
is competitive with that of other of fryers. This 
type of equipment is in use about 6 hours per day and 
at a time corresponding to the daily peak of the majority 
of undertakings, so that from a load-factor point of view 
it is little better than lighting equipment, and must 
therefore carry its full proportion of capital charges. As 
the nature of the load is such that diversity cannot be 
taken into account, the cost of energy delivered to the 
low-tension system will not be less than 0*76d. per unit. 
As a general case it is reasonable to assume that the 
substation supplying the load is 10 miles from the point 
at which the bulk supply is received, and that the load 
has to be transmitted 0*6 mile over the low-tension 
S 3 ^tem. For these conditions the capital charges on 
the transmission and distribution systems amount to 
0'496d. per unit. Thus the cost—excluding manage¬ 
ment, rates, repairs, and maintenance—amounts to 
1*25^. per unit. It is difficult, therefore, to see how 
undertakings can be expected to cater for this load at 
Id. per unit. On page 179 the author states that gas 
at 8d. per therm is comparable with electricity at Id. 
per unit, which would seein to assume (taking the effi¬ 
ciency of electricity to be 100 per cent) that the efficiency 
of gas-operated apparatus is only 27*6 per cent. It is 
interesting to compare this result with some recent 
German figures* which showed that 1 unit of electricity 
is at least equivalent to 16 . cub. ft. of gas having a 
calorific value of 396 B.Th.U. per cub. ft. On the above 
basis this gives an efficiency for gas-operated apparatus 
of 68*4 per cent. These values are confirmed by some 
other German figuresf published in 1928. I should be 
glad if the author would explain the considerable dis¬ 
crepancies between these test results and the figures he 
g^ves on page 179, and also indicate the rate of depre¬ 
ciation which he considers necessary for the types of 
equipment described in the paper. 

* Electrical Review, 1980, vol, 106, p. 87. 

t Electrical Times, 1928, vol. 74, p. 816. 
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Mr. J. I. Bernard: The author shows that commercial tricity for commercial cooking purposes could easily he | 

cooking by electricity is now being profitably employed given. As an example, the greater cleanliness and '| 

on a considerable scale in this country and abroad. The improved working conditions brought about by the I 

rapid growth of the heavy cooking load in America is adoption of electric heating may be illustrated by some J 

mentioned, but equally impressive figures could no comparative tests made in America on gas and elec- i 

doubt be shown by several British supply undertakings, trie roasting-ovens. It was shown that with gas firing I 

In one district in London, for instance, there are 6 large the amount of heat required to maintain 600° F. was j 

commercial cooking installations of which the total equivalent to 6"6 kW per sq. ft. of oven, as compared ( 

rnnanmptinn is over 1 600 000 units per annum, i.e. with 0*2 kW with electricity. The difference in the | 

an average of 260 000 units each. Similarly, one muni- heat supplied in the case of an oven of 24 sq. ft. would J 

cipal supply undertaking in the provinces has over be suflicient to raise the temperature of a normal- | 

1 820 kW of commercial cooking load connected. Com- size kitchen (30 ft. x 40 ft. X 10 ft.) by 23 deg. F., even i 

tariffg for this class of load undoubtedly exist, assuming that the air is completely changed every 3 li 

but they need not in themselves prevent us from obtain- minutes. Figures such as these illustrate in no uncertain 

ing the business. The engineers responsible should be way the great advantages which always follow the use | 

able to explain the tariff to prospective users and show of electricity for commercial cooking. 

what the average cost per unit is likely to be. Further author’s reply to this discussion will be found [; 

facts and figures demonstrating the superiority of elec- p^ge igg.] I 

South Midland Centre, at Birmingham, 29th February, 1932. ! 

Mr. R. H. Rawll: By his statement that the heating-' but would be superimposed on the day power load a 

up and maintenance of boilers or coal fires take a . few hours previously. The paper omits to mention the 
considerable time, the author infers that electrical induction type of cooker, whore the utensil containing j| 

equipment is ready for working directly it is switched the food acts as the secondary of a transformer, and the | 

on. This is obviously not the case so far as boiling- induction boiling-plate, where the plate itself forms a j 

plates are concerned, and it would be interesting to low-voltage secondary. A great deal was expected from > 

know whether hotel proprietors, caterers, etc., consider this type of apparatus when it was first introduced a | 

this to be an important point, although it is admitted few years ago, and in view of the ever-increasing adoption j 

that once a boiling-plate is hot a smalt current con- of alternating current it would be int^esting to toow t 

sumption will keep it so for an indefinite period. I agree whether the author considers that this design will be 

with the author that no advantage is gained by using developed in the future. Can he explain why it hais so 

plug-in elements, since after about a year’s use the con- far failed to find a market ? 

tacts often become semi-welded and corroded. I consider Dr. K. R. Sturley: I should be interested to know 
it unnecessary for the electrical industry to utilize for the voltage used for train cooking equipment. The 

propaganda purposes the non-shrinking capabilities of paper suggests that it is 180 volts. It would appear 

electricity for roasting, since this feature seems already worth while to increase the number of battery cells 

to be well appreciated by the public. As the author from 90 to 100 or 110, thus pemutting tiie use of standard 

points out, the hot-plate represents the weak spot in apparatus and a reduction in the current for a given 

our armour. I notice that he considers from 28 to 30 heating effect. The maintenance of cooking equipment 

watts per sq. indi to be a reasonable loading for hot- is an important factor and I feel that if this were under¬ 
plates in this country, and further on in the paper he taken by supply authorities generaUy, as in the case 

gives the figure of 19 to 23 watts per sq. inch as the quoted in the paper, it would give an impetus to the sale 

usual in the United States. Does this mean of both large and small cookers. I agree with the author 

that the latter country has the more efiadent hot-plate, as to the need for suitable tariffs, and it is to be hoped 

or does it mean that users over there are content to wait that more supply companies will encourage a cooking 

longer than we axe for the plate to attain its final tem- load to fill in the valleys in their load curves. Thermal- 

perature from cold? I do not agree that, in practice, storage cookers, which can store suflfident heat to aUow | 

current at Id. per unit will justify electridty for com- of their being switched off during the peak-load perii^, : 

m«rcial cooking: this figure is a trifle high. It is stated can be advantageously employed in this coimection. 

that a works canteen using electridty for cooking pur- I am not aware of the use of such apparatus in England, 

poses would have a ma.ximnm load coindding with the but it has received encouragement on the Continmt. 

day valley of the supply undertaking’s load-curve. Since This can be partly explained by the different generating 

most worlcs shut down about midday the load drops conditions prevailing abroad, where the TOurce of power 

off at this time, espedaUy in industrial areas, but the is generally water; nevertheless, the possibilities of such 

cooking of meals to be served at this time would com- apparatus should not be ignored. 

mence perhaps 2 hours bdorehand, and it is weU known Mr. B:. Pittaway: I should like to refer to the uses 
that with eledric cooking the greatest load is taken at of residual heat in ovens, after the current has been 

the commencement of the cooking period. Switches switched off. On some of the slides exhibited by the 

are turned down to "low” and even " off ” towards author there appeared a t 3 q)e of roasting-oven the top 

tile end of the opCTation. It seems, therefore, that the of which vras fitted with a boiling-plate or plates. I 

maximum cooking load for works canteeiis would not 'particularly refer to plates which are actually parts of 

coincide vrith the valley of the load curve at iniddayi the oven tops. If these plates were of the open-bottom 
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t^e, when being used in the ordinary way as boilers 
ttey would also heat the oven to a medium degree, and 
the heat so supplied to the oven could be usefully 
en^loyed for purposes for which residual heat is found 
sufacient. The boiling-plate would thus serve the dual 
pu^ose of boiler and top element of the oven. Referring 
to fish-fryers, as the essential future of these units is to 
boil oil, have any of them been fitted with a special type 
of immersion heater? Is there any good reason for 
definitely ruhng out such a method ? 

Mr. W. A, Gillott: It would be interesting to have 
a few more details of the equipments mentioned under 
the heading “ Representative Installations " (page 177). 
and, if possible, a compaxison of the working conditions. 

^ examples the American installation where 
some 250 kW of plant is installed, and the West End 
tojwty establishment with a total connected load of 
244 kW, can the author give a comparison of the main- 
ten^ce costs under the following headings: boiling- 
plates, oven elements, grill elements, internal wiring, 
and swtches? It would be interesting to compare the 
Me of British with that of American appliances. If 
the author is unable to give details of the maintenance 
coste, could it be e3q)ressed as so much per thousand 
umte consumed? Upon this basis one obtains a fair 
indication of the amount of work done upon the 
appliances. It is hardly fair to treat the main¬ 
tenance cost as a percentage of the initial cost, as in 
some instaJlatiom the equipment is embellished with 
nickel plating, vitreous enamelling, illuminated switch- 
boards. and other additions, whereas in installations of 
exactiy simto equipment not having such embellish- 
m^ts the mitial cost is considerably lower. I particu- 
mly stress this point because when I had control of 
toe d^gn and equipping of national kitchens during 
the War I found that the cost of the equipment was 
not much more than two-thirds of that of similar plant 
emb^ished for ordinary use. This also applies to the 
ptont now used in works canteens. The author states 

• American installation 

IS 146 kW with a consumption of 28 000 units per month. 
Xhis IS equal to approximately 2 320 units per kW of 
den^d per annum, whereas the West End drapery 
kittoen averages 146 000 units per annum with a con- 
nert^ lo^ of 244 kW. Can the author give a few more 
deta^ of these mstallations ? The West End plant 
admtt^edly. employs a good deal of steam. Evidently 
•wmter is boil^ by steam, and steam is probably used in 
othm (^eratibns. Before, however, a true comparison 
^J>e drawn between the two installations it is necessary 
to balanw the work of each. It would be of interest 
■ . a.utoor could show the characteristic load curve 
of e^h plant. This would not only give the nature of 
toe demands but would also enable one to determme 
toe,div^ty factors. Turning to the four installations 
dealt with under the heading of ^‘ Energy Consumption ” 

I am su^rised to find such a large variation in the 
ngures^of umts consume per annum per kW installed 
n 126 . 303, and 802. for instaUation^ 

«os. 1 . 2 . 3, tod 4, respectively. Can the author explain 
^^^ge ^CTen^ m consumption, and can he state 
I hy it IS that whereas installation No. 3 records the 
low^t consumption per kW installed, it shoire the 
mgnest cuirent coi^umption per head per meal ? Regard- 


mg the value of the large-kitchen load to electricity 
supply authorities, this business is worthy of cultivation 
Apart from its revenue production, the advertising value 
IS considerable and assists in encouraging the further 
use of electricity for domestic purposes. Patrons of res- 
teurants where electricity is used for cooking will realize 
that It must be a commercial proposition, otherwise a 
TMtaurant would not adopt it. I agree with the author 
that it is desirable for the electricity supply authority 
to appoint a special representative who has a knowledge 
of the subject, to discuss kitchen problems with pros¬ 
pective clients. This class of work should be dealt with 
by men familiar with it, otherwise more harm than 
good may result. In discussing cooking matters with 
chtfs and hotel or restaurant proprietors, considerable 
tact IS nec^sary. If the sales representative of a supply 
TOmpany is not well acquainted with large-kitchen work 
he should confine his activities in the first instance to 
canteens or works kitchens, where he will discuss the 
matter with the engineer and thus gain valuable experi- 
ence. In my opinion the United States cannot teach 
ntish eiigineers much about large cooking equipment; 
the American policy is largely one of trying a new idea 
merely because it is new. in the paper* on “ Electrical 
Qaokmg as Applied to Large Kitchens" which I read 
before the Mstitution in 1918 I stated that some 400 
kitchen with a connected load of 22 000 kW were 
^erating in this country. Considerable expansion has 
takto place since then, and I should be surprised if the 
n^ber of British large-scale kitchens did not now exceed 
toe.^rancan total. Whilst I agree with the author that 
for doi^tic cooking, gas at 8 d. per therm is equivalent 
to elecfriaty at Id. ^r unit, this comparison is not 
apphcable to commercial kitchens owing to the difficult 
nature of the work. In domestic work it is usual to 
c^ out a culinary operation and finish it there and 
then, whereas in a restaurant there is often a consider¬ 
able waiting-on period for both the actual cooking 
apphances and the hot-cupboard, urns, etc., in still rooms. 

M London it is the practice of a gas company to allow 
to hotels a special discount of approximately 26 per cent 
off the published charge for gas. A similar allowance is 
not usually made by electricity supply companies. I 
consider that under ordinary working conditions 8 d 
per therm is equivalent to |d. per unit, disregarding 
mcidental sav^ effected by toe use of electricity. It 
would be of mterest if the author could provide load 
curves of the installations described in toe paper. What 
percentage of the installed load is toe average kW 
demand of toe installations wito which he is associated ? 

I have found toat where a kitchen is used for the pre¬ 
paration of simple meals at a definite time, eg for 
^teens, schools, etc., toe kW demand averages 60 to 
66 per cent of toe total load installed. In kitchens 

catoing for a varied menu such as that of a restaurmt 
OT hotel, the demand is much lower—36 to 46 per cent. 
This IS due to the employment of special appliances for 
dishes that are only occasionally called for. The Tinnnai 
plant cannot be used for these dishes as it is usually kept 
runmng to continue toe cooking of toe ordinary meals. 


[The aiuthof’s reply to, this discussion will be found 
on page 188.] 
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Scottish Centre, at Edinburgh, 22nd March, 1932. 


Mr. E. Seddon: I am inclined to doubt the figure 
of 10 per cent for the saving due to reduced shrinkage 
of electricaUy-cooked meat. I understand that the latest 
t 3 rpe of gas oven is heated externally, and I should like 
to Imow whether the results of shrinkage tests on such 
ovens have been compared with those on electric ovens. 
As regards the steam-tightness of ovens, I understand 
that the author has introduced a ventilator at the 
back of the oven instead of in the door. It is well 
known that steam confined in an oven which is being 
used for roasting spoils the condition of the food. 
The steam must be eliminated to permit of the food 
being dry-heated. Several large catering establish¬ 
ments in Edinburgh which use electric cooking ovens 
for general purposes have gas-operated boiling pans, 
because the electric hot-plate is found to be too slow. 
I therefore consider that the hot-plate should be re¬ 
designed. We have heard a great deal in recent years 
about machined-bottom saucepans: these are satis¬ 
factory for a time, but they gradually deteriorate. 
Even if their flat surfaces could be maintained in perfect 
condition there would remain the difficulty that the 
hot-plates themselves become distorted by u^e. The air 
space between the saucepan and hot-plate greatly delays 
the process of boiling. I believe the well t 3 ^e of heater 
with bottom and side elements will eventually prevail, 
and even this arrangement would be improved by a 
hinged, dorned cover-plate to retain the heat. I agree 
with the author (page 172) that chefs are reluctant to 
alter their established practice, and I am convinced that 
the more general use of electric cooking is being retarded 
by their conservative attitude. With regard to the 
replacement of cooker hot-plate elements, we have 
changed over from the wired type to the plug-in type 
with complete success. When naaintenance men have 
to use pliers and other tools for replacing elements the 
householder gets the impression that a big job is being 
undertaken, whereas a plug-in element can be dropped 
into position without effort and in a minimum of time. 
With regard to baking, 2 years ago we offered the low 
rate of 0*3d. per unit for this purpose between the 
hours of 10 p.m. and 7 a.m., but as Edinburgh bakers 
cannot be induced to work at night no business has 
resulted. 

Mr. A. Mears: The question of the efficiency and 
adaptability of the electric hot-plate as compared with 
the gas-ring seems to me to be one of further research, 
not of combining gas and electricity in one piece of 
apparatus. I recently made some comparative tests 
of the speed and economy of a gas-ring used with an 
ordinary kettle, and an electric kettle loaded to 1 kW. 
The results indicated that for the same amount of water 
the cost of using the electric kettle—^at the domestic 
heating rate applicable in Edinburgh—was a trifle less 
than the cost of using the gas-ring, and the two systems 
were equally quick. Experience of the usual type of gas- 
ring, placed in apparently the most suitable position for 
the disposal of the products of combustion, shows that 
the fumes of burnt gas quickly pervade the kitchen where 


it is in use. Has the author investigated the question 
of the grinding of the surfaces of hot-plates and the 
bottoms of kettles or cooking utensils? Unless perfect 
contact is made between the surface of the hot-plate 
and the bottom surface of the cooking utensil great 
difificulty is experienced in connection with the speed 
and reliability of the cooking operations. Referring 
to the question of the combined gas and electric cooker, 
it seems to me that a considerable fire risk is taken 
when such a combination is used, as a leakage to earth 
may readily melt the gas pipe and ignite the gas. I 
feel that the insurance companies would not look favour¬ 
ably upon this combination. According to the author 
electric cooking is quite economical at Id. per unit or 
less; in this connection I should like to state that in 
Edinburgh the price averages fd. per unit for com¬ 
mercial and |d. for domestic cooking. 

Mr.'H. C. Babb: I deplore the remarks of previous 
speakers about the heating of water by electricity, and 
I support Mr. Mears's view that if electric water-heating 
apparatus is inefificieht we ought to try to improve it 
by carrying out suitable research work. With regard 
to the cost 'of electric cooking, the tenants of Council 
houses in my area are taking up electric cooking very 
strongly. The cost of using a small electric cooker 
which we can let out on hire for 2s. 6d. per quarter, 
and which is capable for cooking for 3 or 4 persons, is 
less than that of using a gas stove in a similar house. 
There may be some difficulty in comparing figures ob¬ 
tained in this area with those of other areas, owing to 
the fact that a large number of the people who occupy 
these houses are miners and can buy coal at a cheap rate: 
the electric cooker is therefore probably not used quite 
as often as it would be in most other districts. 

Mr. W. Duncan: The electrical industry is passing 
through a phase of development analogous to that which 
the gas industry experienced in its earlier days when 
competing with coal. The use of electricity for cooking 
purposes is being hindered by lack of knowledge of the 
apparatus, and I think it would be a good piece of 
propaganda for manufacturers to provide free demon¬ 
stration cookers to all schools and colleges where domes¬ 
tic science is taught. This would enable such schools 
to educate the younger generation in the use of domestic 
electrical appliances. I am glad to know that the author 
approves of. the embedded type of boiling plate, the 
introduction of which has made a great difference to 
progress in the use of electric cookers. I should be 
glad if he could indicate what the future changes in 
boiling-plate desi^ are likely to be. I do not agree 
with the policy of certain manufacturers who make 
statements as to the time taken to boil specific quan¬ 
tities of water, as I find that the figures given are often 
inaccurate. For instance, these figures usually assume 
the initial temperature of the water to be 60® F., whereas 
in actual practice it averages 60® F.; this lower tem¬ 
perature makes a considerable difference to the boiling 
time. I should like to mention the case of an electrical 
cooking equipment in Edinburgh where aU the elements 
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are loaded to 1*6 kW and are of the plug-in type: 
hoiling-plate, gnil, and oven elements are all inter¬ 
changeable, and can be replaced in a few minutes with¬ 
out skilled attention. This feature should, I think, be 
extended and developed. The mention by the author 
of the case where a concrete oven base was insisted upon 
suggests that there might be an additional advantage 
in electnc cooking if insurance companies could be 
induced to lower their tarijffs to premises where cooking 
is done electricaUy. Has the author had any experience 
of the thermostatic control of ovens? This idea has 
been adopted in America even for domestic equipments. 
In this country we have been rather slow to introduce 
such refinements. The author showed a slide illustrat¬ 
ing a battery of large electric boilers; I should Hke to 
know how the heat is applied to these. 

Crunnj Have any tests been made of electrode 
boilers of the type in which the electrode can be raised 


out of, and lowered into, the water? Also, have any 
experiments been made on the high-frequency boiler? 

Mr. J, Eccles: We all hear from time to time of the 
difficulty of regulating the boiling appliances of electric 
cookers; I suggest that where an a.c. supply is available 
this difficulty could be overcome by providing an auto¬ 
transformer with a series of tappings up and down 
(mostly down), so as to give a wide range of graduation 
on each of the three heats. If auto-transformers are as 
cheap as power transformers are just now, the additional 
cost of such a device should not be serious. At the 
festive seasons, when many meals are being cooked 
simultaneously and supply mains are being severely 
taxed, the auto-transformer could be used to step up 
the voltage slightly and thus overcome the difficulty of 
insufficient heat being available to cook large roasts in 
a reasonable time. I should be glad to have the author^s 
views on this suggestion. 


The Author's Reply to the Discussions 

Dr. T, Settle (m reply): Before answering in detail 
the various points raised in the discussions, I should like 
to egress my thanks to the speakers for the interest 
shown and for their valuable contributions. 

A considerable volume of criticism was directed by 
various speakers against the alleged failure to give 
details of technical and mechanical construction of 
heavy cooking apparatus. I can appreciate the desire 
of manufacturers to obtain as much information as pos^ 
sible with regard to details of construction used by other 
manufacturers. It is well known, however, that I am 
connected with the manufacturing side of this industry, 
and any p^iculars I might have given would naturally, 
in the first instance, have been particulars of the products 
for which I am responsible. The publication of such 
details might have provoked criticisms from other 
n^ufacturers, ^d I think it will be admitted that a 
discussion of this kind is entirely outside the scope of 
an Institution paper. 

Every manufacturer has his own ideas and methods 
of construction. There are a few general principles 
which have been referred to as far as possible, but as 
the desipi and construction of heavy cooking apparatus 
are still in a state of continuous development I considered 
it advisable to refrain from dealing with matters which, 
in the eyes of competing manufacturers, might have been 
largely controversial. 

Another general criticism referred to the insufficiency 
of iirformation with regard to actual figures, and the 
particulars given were evidently not as complete as some 
of the speakers might have wished. It will be appre¬ 
ciated that I was able only to give such figures as were 
obinmable, and I could only give tiiem in the form in 
which they were obtained, because in every single case 
some ^k would be missiug which would prevent the 
reduction of available figures to a common comparative 
basis. - 

wdcome IVh. Downe's remark with regard to the hire 
of heavy cooking apparatus by supply authorities, and 
the necessity of having properly trained assistants in 
this branch of /Ihe business. Wherever such assistants 


AT London, Birmingham, and Edinburgh. 

are available, good progress is being made. Every manu¬ 
facturer standardizes his own equipment, and under 
present conditions general standardization is out of the 
question, not only from the point of view of the manu¬ 
facturer, but also from that of the user, who very often 
has special views and wishes. 

Mr.^ Hardy's statement on the great success of the 
electnc kitchen in the Dorchester Hotel is very interesting 
and very good news. I am glad to hear Mr. Hardy's 
confirmation from practical experience of my opinion of 
the average chef, and his suggestion as to how to deal 
with chefs who are averse to electric cooking is to be 
heartily welcomed and recommended. I fully agree with 
Mr. Hardy's recommendations, but there is one point on 
which I cannot follow him. I cannot agree with the 
use of gas for boiling in connection with electric roasting 
ovens and forming part and parcel of the complete 
apparatus. Modem boiling-plates are very little slower 
than g^ boiling-rings if proper utensils are being used, 
and with carefully constructed apparatus damage to 
the hot-plates by boiling over can be practically eli¬ 
minated. The speed of boiling can also be improved 
by the use of hot water to be made available from a 
storage water-heater. By introducing gas into the 
electric kitchen, many of the advantages of a complete 
electric kitchen axe done away with. Apart from the 
vitiation of the atmosphere, the introduction of gas 
alwa.ys brings with it the risk of explosion and fire, 
particularly when electricity is used on the same appa¬ 
ratus, and in case of any accident electricity would 
probably always get the blame. 

I am afeid that the greater part of Mr. Ellerd-Styles's 
contribution to the discussion is not quite within the 
scope of the paper. Most of his remarks refer to my 
contoibution to the discussion on his paper on electric 
baking ovens read before the Institution in 1928. The 
10 per cent saving in shrinkage is an all-round figure 
obtamable by the average cook in an average kitchen 
equipment, and is not based on the results of tests 
carried out by experts for this particular purpose. To 
get absolutely comparative figures with regard to 
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shrinkage, tests would have to he carried out with the 
same kind of joint taken from the same kind of animal 
and roasted in electric and gas ovens of exactly the 
same oven capacity. It is almost inipossible to obtain 
these conditions. Mr. Ellerd-Styles makes some very 
sweeping statements, which are highly controversial and 
very much of a commercial nature, and they ought not 
to remain uncontradicted. The placing of elements in 
tubes in baking ovens is declared to be entirely wrong. 
Why this should be so is not stated, but elements 
enclosed in tubes do not only give a longer life than 
other types of elements, but they also ensure better heat 
distribution. Comparison is made between three ovens 
of the same size with three different loadings (10 kW, 
8 kW, and 6*9 kW), which are all supposed to attain 
baking temperature in the same time. This statement, if 
correct, means that the general construction of the ovens 
must of necessity be different. If the sole of an oven 
is brick, and in some cases the sides and back are also 
brick, it stands to reason that a much higher loading 
is necessary to attain the same temperature in a given 
time, than in the case of an oven having fewer or thinner 
tiles or none at all, but of purely metallic construction. 
The heat-retaining properties of ovens with thicker 
tiles and higher loading are superior to those of lighter 
construction. Once an oven has attained baking 
temperature it is only a matter of using the lower 
controls to keep the temperature at a baking level. It 
is, therefore, the consumption of current required for 
baking over a period only that counts, and whilst 
Mr. EUerd-Styles mentions that a lower-rated oven may 
appeal more to the layman and appear to him to be a 
better commercial proposition, he omits to mention 
that in most cases heat control is available for providing 
full, half, and quarter heat, or full, two-thirds, and 
one-third heat. The all-important point for the baker 
is current consumption in relation to his output. If 
he is satisfied with this—^and there may be very little 
difference between the various types of ovens—^it is 
only the construction of the oven, its life, and the ease 
of handling which count. As mentioned above, I 
do not propose to deal with questions referring .to details 
of construction. 

I think that no chef would welcome the introduction 
of Prof. Parker Smith's table pattern apparatus in his 
kitchen. This type of apparatus may be useful in a 
private house, but it would not last long m a large all- 
electric kitchen. 

The incident quoted by Mr. Ellerd-Styles with reference 
to thermostatic control has no bearing, in my opinion, 
on this question. Apparently through carelessness an 
oven was left on over the week-end. Surely thermo¬ 
static control is not intended to take care of isolated 
cases of this kind, but is usually meant to control the 
temperature when the appliance is in regular use. I 
still maintain that for ordinary baking operations 
thermostatic control is not necessary and is not used to 
any extent. However, in order to follow Mr. EUerd- 
Styles on his own ground, I can refer to a case where 
an ovto was inadvertently left on from Satmrday evening 
until Monday morning, the front of the oven being then 
nearly white-hot. No damage was done, except to the 
thermometer, and the oven has since been in daily 


operation. This only shows that the method of con¬ 
struction is an important point, and isolated cases like 
the one quoted do not justify the extra cost of thermo¬ 
stats to counteract gross carelessness in worldng. 

Major Tandy raises the question of maintenance of 
electric kitchen equipment. This depends very much on 
the method of handling. The figures given in the paper 
referred to heating elements and any other replacements 
which may become necessary. Good-class aluminium 
pans with bases ground dead flat are found to be quite 
satisfactory for use on hot-plates. Many chefs, however, 
prefer copper pans, but the continual cost of having 
these re-tinned is bound to be taken into consideration. 
Boiling time depends, of course, on the quaUty of con¬ 
tact between utensil and hot-plate. The expenditure of 
£500 per annum for utensils in a large hotel in the north 
with gas cooking seems extraordinarily high, and would 
certainly be very much lower with electric cooking. The 
figure of Id. per unit for electric cooking was only given 
as the basis of a comparison against gas at 8d. per 
therm, but I quite agree with Major Tandy that Jd. per 
unit would put electricity for cooking on an unassailable 
basis. The heat-storage system for cooking on a large 
scale has not been developed, and I do not think it will 
ever be a commercial proposition unless some entirely 
new method can be devised. If based on constant load 
it would certainly be too expensive. With regard to 
the cost per meal, the class of meal is generally indicated 
by reference to the type of installation. A meal served 
in a canteen consists usually of a plate of meat with 
vegetables and a sweet. To give particulars of the class 
of meal as served in restaurants and hotels would be an 
impossible proposition. 

In reply to Mr. Gillott, I certainly do not recommend 
that wires should be brought through the lagging, but 
in some cases this cannot be avoided and possible 
attack by the lagging material on the insulation of the 
wire must then be guarded against. The figures which 
I have given for the loading of pastry ovens refer to 
ovens with tiled soles. I agree with Mr. Gillott that 
more details of equipments and comparisons of working 
conditions would be valuable, but, as pointed out, this 
information can only^ be given as obtainable, and parti¬ 
culars of the cost of maintenance of American installa¬ 
tions are not easily obtainable. The present method of 
calculating the maintenance cost by basing tins on the 
original purchase price of the equipment is the only 
one which interests the consumer. The figures given 
are usually maximum figures, and it would be impossible 
to give an estimate based on a consumption of 1 000 units. 
It would be interesting to know this figure, but it would 
probably be so small as to lose all importance, A 
large number of the kitchens referred to by Mr. Gillott 
as worldng in 1918 were war establishments, and their 
use was discontinued when peace conditions returned. 
I cannot agree with Mr. Gillott that the number of 
British large-scale kitchens might exceed the American 
total. 

I can assure Mr. McKenna that baking costs for bread 
and pastry are very reasonable and show considerable 
advantage to the baker if all the advantages of electric 
baldng are taken into consideration. The maintenance 
of electric baldng ovens varies considerably according 
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•to the treatment they receive, but the replacement of 

^ type of baking oven is 

^actrcahy ml, and other replacements are very few and 
toen not of m expensive nature. It is difficult to see 
how detailed information about running cost can be given. 
Figu^ can only be given when they become available, 
an 1 K a very difficult matter either to persuade users 
totchens to keep proper records or. if they 
keep them, to disclose them. AU that a manufacture 
^ say about maintenance cost is what spares he has 
to supply to each particular custome. The cost of 
spares plus Ihe cost of necessary labour to carry out 
repairs constitute the cost of maintenance, and the 
^rcOT a^s^ven in the paper are based on records of 

^ \ ° P®r c«bic 

mch has been considered the most satisfactory way. 


electrified fuel-fired equipment. The suggestion that 
gas at 8d. per therm is equivalent to electricity at id. 
per unit is quite incorrect. I cannot do better than 
quote the figures obtained from an actual installation. 
In an important installation in the Midlands which was 
run entirely on gas, some time ago part of the gas equip¬ 
ment -was replaced by electrical equipment. All roast¬ 
ing, grilling, and fish frying are now done electrically 
whilst for aU boiling, steaming, etc., gas is still being used! 
For SIX months weekly records were taken. The number 
of people supplied and the type of meals were practically 
identical. The total consumption of electricity for the 
purposes mentioned above for six months was 13 129 
uffits. In the corresponding period of the previous year 
w en gas was exclusively used, the total consumption 
was 462300 cub. ft. The consumption of gas for boil- 
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A ioaaing ot 22 to 26 watts per square 
satisfactory. 

Whilst I agree with Mr. Benham that there is a good 
de^ more h^vy-duty electric cooking apparatus in use 
m ^ndon tiian m New York, I cannot accept his general 
stetement toat a very small amount of electric poking 
IS used m the United States. Both in New York and 
Ctocago the electric supply is controlled by the gas 
mtere^. hr Chicago, however, some of the very 
^gert elec«c liking installations in existen<» 
be foim^^ Where the gas interests are entirely 
separate, electnc cooking has made great headway, and 
very important complete or partial electric equip- 

Sfunite^ being laid down in all parts ?f 

^ ^ 1 cannot consider Mr. 

an imbiased judge with regard to the merits 
of electnc cookmg. He is a manufacturer of cooMng 
equipment of all types, and I am not surprised that he 
cooking equipment. This is one 
^ the _^culties that the electrical industry has to deal 
wth; It IS responsible to a large extent for the general 

impression that electric cooking ; e^^^ 


mg, etc., during the recent period was 99 300 cub. ft. 

1 o of 8^ had been replaced by 

13 129 umts. At Id. per unit the cost of electricity 
approximately £64. At 3s. 6d. per 
1 000 cub. ft., or approximately 8d. per therm, the cost 
of gas was £62. These figures prove that the usual 
comparison between Id. per unit for electricity and 
H ' ^ a correct basis. There is no 

douM ^t even if boiling also were done electrically 
toe Basis of comparison would not have to be altered . 

11d. per unit, of course, the saving due to toe intro- 
^ction of electocity would be beyond any question. 
The figures pubhshed by Sir Dugald Clerk some years 
ago. which are based on a very doubtful calculation, 
g^ve a comparison between efficiencies of gas and 

S® were very severely criticizea 

by ]\fc. Highfield at a joint meeting of the Institution of 
Gas Engme^ and toe Institution of Electrical Engineers 
m 1920, and it will be admitted to-day, I believe, that 
these figures are not correct. I would put the efficiency 
Of an average commCTCial gas equipment at about 
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40 per cent, whilst the average efificiency of electric 
apparatus could be taken as 80 per cent. These figures 
vary, of course, with the nature and type of apparatus. 
It is a very widespread practice of the gas interests to 
make the basis of comparison between gas and elec¬ 
tricity the cost of coal at the gas works and at the 
generating station. We are only concerned with the 
efficiencies of gas and electricity as delivered to the 
consumer. 

In reply to Mr. Fiander, I do not think that the figure 
of 68 • 4 per cent efficiency for gas apparatus is even 
claimed by gas authorities in this country. As far as 
charges for current are concerned, Mr. Fiander's state¬ 
ment is not borne out by tlie prices for current freely 
offered by supply authorities. A number are offering 
Jd. per unit and many }d. per unit. Unfortunately, 
there are no particulars available in this country as to 
the relation of a canteen load to the central station load, 
but I have been able to find a reference to this 
in ElektrizUdiswirtschaft MUieilungen der V,D,E.W,, 
No. 499, and Fig. A shows that the peak of the canteen 
load comes well within the valley of the central station 
load. Of course, this refers to a small installation 
catering for about 300 people. 

In reply to Mr. Rawll, I do not infer that electrical 
equipment is ready for working directly it is switched 
on, but as far as boiling-plates are concerned, to which 
Mr. Rawll specially refers, they are ready much more 
quickly for boiling than an oven is ready for roasting. 
The reason for the lower loading for hot-plates customary 
in the United States is evidently that people there are less 
impatient with regard to boiling time than in this country. 
An induction type of cooker has not been referred 
to, because at the present time it cannot be considered 
either a sound technical or commercial proposition. 

In reply to Dr. Sturley, apparatus for cooking on 
trains is usually designed to operate on any voltage 
between 180 and 220 volts. This wide range is necessary 
on account of supply being taken when the train is at 
a standstill, either from supply mains at the station or 
from the battery. Thermal-storage cookers are begin¬ 


ning to make headway for domestic purposes, but for 
industrial purposes they cannot be considered either a 
technical or commercial proposition. With the excep¬ 
tion of baking ovens, which are of course an entirely 
different class of apparatus, I am not aware of any 
thermal-storage cooking on the Continent. 

I think that Mr. Pittaway, who refers to a roasting 
oven fitted with a boiling plate or plates on the top, 
must have obtained a wrong impression of the slide 
shown. The slide in question referred to a method of 
removing the hot-plate for the purpose of cleaning or 
exchanging, but the hot-plate certainly did not form part 
of the oven top. The use of immersion heaters in fish 
fryers would not prove satisfactory; in fact there would 
be danger of the fat burning due to direct contact with 
the heaters. Immersion heaters would also take up 
valuable space in the frying pan. 

Mr, Seddon must, I think, have misunderstpod me 
when he refers to my introduction of a special type 
of oven ventilator. Opinions differ as to the necessity 
of eliminating steam in roasting ovens. Quite a consider¬ 
able body of opinion attributes the better results of 
electric cooking to the presence of steam. I have not 
yet come across an industrial type of gas cooker which 
is heated externally. 

I fully agree with Mr. Mears'S remarks with regard to 
the efficiency and adaptability of the electric hot-plate 
as compared with gas rings. I agree that perfect 
contact between the surface of the hot-plate and the 
bottom surface of the cooking utensil is essential. 

I can assure Mr. Gunn that electrode boilers of the 
type in which the electrode can be raised out of and 
lowered into the water would not be satisfactory in 
practice, and the use of high frequency for boiling 
purposes has so far only been dealt with experi¬ 
mentally. 

Mr. Eccles's suggestion that boiling appliances on a.c. 
supply might be regulated by means of auto-trans¬ 
formers with a series of tappings is worth consideration, 
and experiments carried out in this direction may bring 
useful results. 
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DISCUSSION ON 

‘THE ELECTRICAL HEATING OF BUILDINGS.” 
North-Eastern Centre, at Newcastle, 9th November, 1931. 


Mr. S. S. Jewsbury: Has the author found that a 
ttennostat gives satisfaction in controlling the tempera¬ 
ture of a room heated by means of a radiant panel ? 
I surest that an ordinary thermostat, which is operated 
by the air temperature, should not be used in rooms 
h^ted entoly by radiant panels, since it is admitted 
that tte air temperature in such rooms is not a correct 
OTtenon of conditions of comfort. I also question 
the fibres for the hot-water panel system given in 
Appendix X, page 1089 (vol. 69). The capital cost of 
bott tte pl^t and the structural work appears to me 
to be too high; also the depreciation cost has been based 
on the structural work in addition to the plant. I 
annual cost of maintenance, etc., given 

as £200 sho^d be reduced to £50. Even this is a Mgher 

figure tban has been found necessary in connection with 
a much larger apparatus at CarUol House. 

y* ^*®*^®*‘ • A matter of vital interest to 
the whole electrical industiy is the demand for storage 
load to keep generating plant working during off-peak 
Apparently the average load factor at present 
IS about 30 per cent, in which case an off-peak load of 
say 2 000 000 kW would be of immense service in 
flattemng the load curve on the " grid " system. As 

of the water-heating load 
ob^^ for this purpose elsewhere, it is interesting to 
note that m Canada one maker alone has made 83 electric 
^am-generators with a total capacity of 850 000 kW. 

his great demand is due to the necessity of utilizing 
suiplus power from hydro-electric stations where fuel 
costs do not enter into consideration; but assuming that 
our av^^e fuel costs are of the order of one-qum^r to 
one-third of our total works costs, the off-wak load 
becomes with us also an essential for maximum economy 
m the production and transmission of electrical power. 

seems to me that the total average works cost of 
umts generated could be nearly halved if a level load 
^rve were p^ible. The late Dr. Ferranti told us in 
Newcastie a fw years ago that water heating was the 
®f ®“®rgy storage. The last time he 
“ ff f fafk®*! for the rest of my 
+T, • ^ talked enough to emphasize 

the ^portance to the electrical industry of this question 
electricity produced." Having a strong 
faitt m to prophecies, I think it behoves us to make I 
^ sections of the electrical industry 
about tlus general economy. At present the 
hearing of buridmgs and ihe demand for domestic hot 
openings. The author's Appendices 
Vtod VI valuable as they are in their present form as a 
statementnf actual experience, would be improved if he 
brought them to a common basic denominator, In the 
♦ Paper by Mr. R; GwKasoN (see yol. 69, p, 1045), 


discussionf before the Institution on the paper by 
Messrs. Monkhouse and Grant, it was suggested that a 
basis was necessary on which comparative calculations for 
different buildings and different purposes could be made. 
Could this not be called the average heating factor,'* 
and signify the average watt-hours per hour required, 
over a day of 24 hours, per cubic foot of building 
capacity per deg. F. temperature-rise? As examples 
from published figures, this works out to 0-162 Wh 
in the case of Carliol House, which is an office building 
of I 800 000 cub. ft. capacity, and at 0-38 Wli for a 
private house of 66 200 cub. ft. If the experience 
of several classes of buildings and methods of construc¬ 
tion could be expressed in some such standard, it would 
be easier than it is at present to make a comparison 
with a table such as Appendix VI, where the number of 
days, hours per day, and average temperature-rise are 
left to the imagination. Further, if this standard were 
adopted such widely different figures as 0-060 and 
1*23 kWh per cub. ft. per aimum would be avoided. 
The attractiveness to the average user of the author's 
system of panel heating will depend upon its value as 
a storage system, and upon ’whether it will be accepted 
as such by the supply undertakings in determining the 
rates to be charged for the power used during off-peak 
periods. The author states that the Electricity Com¬ 
missioners' Regulations for the Safety of the Public are 
contravened when electrode boilers are installed with the 
neutral point earthed through the resistance of the water. 
This type of boiler has been fitted in London, Glasgow, 
Manchester, and Newcastle, with the approval of the 
supply authorities, and the foUoydng remarks may help 
to clear away any formal difficulties in the path of 
eleciTode-boiler progress. The regulations appUcable 
are: (a) Electricity Commissioners' Regulations El. C. 12 a, 
Qause 3 (Insulation Test), This regulation says that 
the insulation of every circuit shall be so maintained 
that the leakage current shall not exceed one-thousandth 
part of the maximum current. ( 6 ) Regulation El. C. 12 a, 
Clause 44 [Connection of Circuits with Earth (a.c. 
circuits)]. This regulation says that if an a.c. circuit is 
connected to earth,, connection shaU only be made at 
the place where energy is delivered to the circuit, and 
fihat this connection shall be made at the neutral point 
on the star windmg. It also contains similar provisions 
to that set out in (a) above. A high-voltage electrode 
water-heater or steam-raiser is usually star-connected, 
d^d the whole of the water and nietal work outside ihe 
At the potential of the star point, 
which is de^tely connected to earth through the shell 
(orthrough the neutralelectrode, if one is fitted). This 
arrangement is shown diagrammatically in Fig. D. 
t/WfTwZ 1930, vol. 68, p, 676. 
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In another type of electrode water-heater or steam- 
raiser, the arrangement of electrodes is such that the 
load is delta-star, the star point being the neutral 
electrode. The shell is earthed, and the star point is 
connected to earth through the resistance of the belt of 
water between the neutral electrode and the shell. This 
is shown diagrammatically in Fig. E. Both these types 
of apparatus, whether for high voltage or for low 
voltage, contravene the existing British regulations for 
earthing. Moreover when earthing at more than one 
point is permitted, it may still be difficult to keep the 
out-of-balance current strictly within the limits required 
to conform with the specified permissible leakage current. 
The possible introduction of resonance due to multiple 
earthing must also be taken into account. But earthing 
the neutral at additional points through the resistance 
of the water should not disturb the operation of suitable 
protective S 5 rstems. Leakage protection is unsuitable 
for parallel feeders and ring mains because the out-of¬ 
balance current due to an earth fault on one feeder 
would tend to trip out others on the same system. 


■O I 6 - 



Fig. D. 


This would occur with either single or multiple earthing 
of the system. The degree of trouble may be more 
severe when multiple earths are scattered over the 
system, but the inadvertent tripping is then attributable 
to the protective S 3 rstem, and not to multiple earthing. 
Leakage protection is intended for normal tail-end/* 
feeders, and is applicable, therefore, to electrode heating 
circuits earthed at the neutral; but it must be set heavily 
enough to prevent inadvertent operation due to the 
current through its earth path occasioned momentarily 
by an earth fault occurring on a feeder in the same 
vicinity. The minimum value of this setting would be 
y'S times the maximum load current. With the develop¬ 
ment of electrode water-heating on a large scale, it 
seems to me that we may require a revision of the 
practice of earthing, and that it may be helpful to 
earth the neutral at consumers* premises instead of at 
the source of supply. Given the necessary attention to 
this question of the earthing of the neutral, the electrode 
method possesses many advantages. 

Mr. T. H. Carr: There is no question but that 
electocity is seriously handicapped, bearing in mind 
that the most efficient steam-driven turbo-alternator 
power station in this country at the present time has 
an overall thermal efficiency of not mojre than 24*6 per 
ceatf It niust be renaembered that the commercial 
success ; of any power supply undertajring is absolutely 


dependent upon the cheapness and reliability of supply. 
Reliability must, however, take precedence over every¬ 
thing else, even over economy of production. With 
the introduction of the grid system interconnection 
will tend to promote security of supply and at the same 
time reduce the cost of reliability, but whether the cost 
of electricity to the consumer will be reduced to any 
great extent (as imagined by many) remains to be seen. 
On the other hand, the advantages of electrical heating 
are many, and its final cost to the consumer may in 
some cases be much smaller than that of other forms of 
heating. On pages 1068 and 1069 the author gives 
particulars of rooms, offices, etc., with normal window 
area. I should like to know what in his opinion is the 
normal window area of a control room for a power 
station. From information relating to the control rooms 
of 12 of the principal power stations in this country 
I find that the ratio of glass area to floor area varies 
from 16 to 100 per cent. This ratio affects the size of 
heating apparatus to be installed. Some authorities 



state that this ratio should be not less than 20 per cent 
for workshops, etc., while others consider that the 
normal window area should be 20 sq. ft. per 1 000 cub. ft. 
of space in the room. Has the author had any experience 
of the application of thermostatically-controlled electrical 
heating apparatus to switch-houses and similar buildings, 
and, if so, could he give any reliable figures regarding 
the necessary number of air changes per hour and the 
allowable temperature-rise ? I give below five methods 
of determining the size of thermostatically-controlled 
heating apparatus for a certain building, and I should 
be glad of the author's comments on them. Approxi¬ 
mate capacity = 98 000 cub. ft.; area of glass = 4 300 sq. 
ft.; area of exposed wall = 1 000 sq. ft.; area of interior 
wall = 2 000 sq. ft.; area of floor = 2 800 sq. ft.; area 
of ceiling =;= 2 800 sq. ft. One complete change of air 
per hour. Temperature-rise =» 23 deg. F. Sheltered on 
the north side, otherwise exposed. 

Method (i) . 

No. of B.Th.U. per min. = w0kp 

X • • -98 000 X 1„ 

where w = weight of air per mm. = —-—— lb. 

^ ^ 60 X 12-4 

. <9 =? temperature-rise = 23 deg. F. 

Alp = 0*24 


13 
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Therefore 

No. of B.Th.t;, per min. =» X 23 x 0*24 


Now 

kW X 1000 X 33 000 


60 X 12-4 
= 730 (approx.) 


746 X 778 


No. of B.Th.U. per min. 


Therefore 


kW=: 


730 X 746 X 778 


1 000 X 33 000 
'= 13 (approx.) 

B.Th.U. per deg. F. temperature-rise of glass, walls, etc., 
to allow for radiation losses (only approx.) i-? s 3 * 5 
approx. 


where 

A = floor area (sq. ft.) = 2 800 
U = 695 (for 36-ft. high room) 

6 = temp, difference — 23 deg. F. 

Therefore 

Capacity of heating plant ^qqq ^ 

= 38 kW 

If this formula is applied the normal glass area should 
not exceed 20 sq. ft. of glass per 1 000 cub. ft. of 
space. The formula therefore does not strictly apply 
in this case. 


Method (4). Grierson*s Method, 


Section 


Glass .. 
Exposed wall . 
Interior wall . 
Floor ., 
Ceiling .. 

Air (cubic feet) 


Area 

B.TI 1 .U. 
per deg. rise* 

Heat loss per 
degree 

Ten^ratiire 

difference 

Total B.II 1 .U. 

Equivalent waits 

sq. ft. 

4 300 

M 

■ 

4 300 

deg. F. 

23 

98 900 

28 800 

1 000 

0-3 

300 

23 

6 900 

2000 

2 000 

0*3 

— 

... 

, . 

2 800 

0-4 

1120 

23 

26 800 

7 600 

2 800 

0-4 

1120 

23 

26 800 

7 600 

98 000 

0-02 

1960 

23 

46 000 

13 000 

Totals 


• • • • 

202 400 

68 800 


* Taken from the author's table (see vol. 69, p. 

Approx. kW capacity of heating apparatus 


=* 13 X 3-6 
= 46 kW 


Method {%), Wilrnshurst'sForrnula, 


where- 


kW capacity == + 86 + wo)g 

36 X 10«- 


o — area (in sq. ft.) of window surface = 4 300 
6 = area (in sq. ft.) of wall, floor, and ceiling 
= 6 600 

0 a volume (in cub. ft.) of air in room = 98 000 
» = ninnher of complete air-changes per hour = 1 
0 «= temperature-rise of air (in deg. F.) «= 23, 

Therefore; 

VW _ X * 300-h 8 X 6 600+1 x 98 000) x 20-4 x 23 
36 X 10« -- 


37 (approx.) 


Hethoi (3), yo«^- Youngs Formula. 


kW. 


Aue 

1 000 


60 kW 


Approx, capacity of heating plant 
Method (6). 

A figure of 0'8 to 1 watt per cub. ft. of building is 
sometimes used by architects. ° 

Adopting the lower figure of 0 • 8, 

kW capacity of heating plant = X 1 x 0-8 


78 


1000 


While I agree that the author’s 
^ T the ideal form of heating. I 

' we have to admit that it cannot compete with 
OT orms of heating on a purely commercial basis 
“ <^rged at a rate which is profitable 
IM^ fiKj There will, however, be a 

and s^^ smaU buildings 

to avoid the 
cfntral-heating plant and where 
sate^tory heatmg is important. So far as larger 
buddi^ are concerned, the author's system will be in 
oul^^^^^ ^th central-heating installations; through- 

staten«.Ti+ remarks to a general 

ti^^^^. ®®®’“ fuel-fired installa- 

, toe author finally arrives at a figure of 16 per 
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cent for the overall efl&ciency of such systems. This 
value appe^s to me to be too low. Some inquiries 
which I have made regarding various local buddings 
show that the figure should be at least 30 per cent, 
assuming that 0* 72 kWh per cub. ft. is the minimum 
amount of energy required during the heating season. 
The paper is unfair to thermal-storage equipments, 
which are stated on page 1080 to have a working effi¬ 
ciency of only 30 per cent. From this statement the 
author proceeds to make out his case for low-temperature 
panel heating, instead of thermal-storage heating. He 
gives a figure of 0*72 kWh per ciib. ft. per annum for 
the consumption of the low-temperature panel system; 
a similar figure has been obtained with thermal-storage 
heating for large office-block buildings, and for a medium- 
size block of office buildings situated in an exposed 
position the figure during the second heating season was 
1 kWh per cub. ft. Apparently there is not a great 
difference between the* consumptions of direct and 
thermal-storage heating S 3 ^tems, but as a much lower 
rate for energy can be obtained for thermal-storage 
heating.it naturally follows that the running costs of 
the latter are the lower. In Appendix X the author 
gives the energy consumptions for thermal-storage and 
direct heating as 662 000 and 441 000 units per annum 
respectively, which is contrary to the statement he 
makes earlier in the paper. The capital cost of the 
thermal-storage S 3 rstem is given as £10 300 for an 
installation of 368 kW, or approximately £28 per kW. 
An installation carried out in this city was completed 
for slightly over £9 per kW, and although this does not 
include thermostats and solenoid valves in each room, 
this omission would not account for the whole of the 
difference. If the capital cost of the installation were 
corrected, and a more reasonable figure given for 
attendance and maiutenance, there would be an ample 
credit on the side of thermal storage. If electric heating 
is to be satisfactory, it is essential that installations 
should as far as possible be under automatic control. 
Whilst this is an essential feature of the low-temperature 
panel system, it can also be incorporated in thermal- 


storage heating. In the second case to which I have 
referred a thermostat situated in a central room is 
arranged to control the heating of the whole building. 
A time clock is also provided, so that heating can be 
started in the early hours of the morning to ensure that 
the offices are at the required temperature by 9 o’clock. 

Mr. T. Carter: The Satchwell thermostat is an 
interesting device. It seems to depend for its much more 
successful working with alternating than with direct 
current on the fact that a short, not necessarily quick, 
break is perfectly satisfactory for the interruption of an 
alternating current, but not so for a direct current. 
Tests with much cruder apparatus, namely ordinary 
British Standard protected-type plugs and sockets 
(B.S.S. No. 196), have shown that, however slowly the 
plug is pulled out of the socket, a very small gap between 
the brass pins and brass contact-tubes is sufficient to 
open an a.c. circuit; and a series of tests at the National 
Physical Laboratory a few years ago proved the excel¬ 
lence of the operation of such plugs and sockets in a.c. 
circuits, even under abnormally severe conditions. 
Perhaps the metal of the contacts has to be carefully 
selected in an accurate controlling device like the 
Satchwell thermostat; but for mere circuit-breaking 
purposes the ordinary material of plugs and sockets is 
amply good. The point of importance is that the 
principle of circuit-breaking embodied in a refined way 
in the Satchwell thermostat can be applied widely in 
a.c. circuits generally, and its fullest use in suitably- 
designed apparatus would lead to much simpler switch¬ 
ing than is usual to-day for alternating currents up to, 
say, 16 amperes at 260 volts. Incidentally, the word 
" freeze ” is used in what seems to me a rather unusual 
sense in the tenth line from the foot of the left-hand 
column of page 1067. It is more commonly applied, I 
think, to the welding-together of contacts in a circuit 
breaker than to the mere solidifying Of molten metal, 
strictly accurate as the latter meaning is. 

[The author’s reply to this discussion will be found 
on page 211.] 


North Midland Centre, at Leeds, 10th November, 1931. 


Mr. W. R. T. Skinner: The author is to be con¬ 
gratulated on co-ordinating in one paper so much 
scattered information and so many individual opinions 
on all aspects of this problem. I gather that he is in 
favour of low-temperature panel heating in preference 
to the many other possible S 3 rstems, although he mentions 
(page 1066) that in his dining-room he has found a 
temperature of 56^ F. with a 2-kW radiator to, be very 
comfortable ittdeed.’V On the ground of comfort I 
prefer the last-mentioned arrangement to. the low- 
temperature panel system which aims at maintaining 
the relatively high and uniform air temperatures set 
out in Table 6. If we put aside for the moment all 
questions of artificial heating and consider what are the 
ideal natural circumstances of comfortable warmth, I 
think that most normally active individuals would 
agree that the best and most invigorating conditions 
obtain on tho^e/bright days in spring when the air 
teniperatnre is <X)mpaffitively low and^t^^ sun rnffibiently 


high to be perceptibly hot. I suggest that the conditions 
most conducive to activity and work are a compara- 
i tively low ambient temperature with some form of high- 
temperature radiation, rather than uniformity of tem¬ 
perature of air and surroundings. Table 6 is in my 
opinion calculated to give rise to a large number of 
common colds. Living for a number of hours a day 
in uniformly warm surroundings seems to me to lower 
one’s vitality and one’s resistance to cold and colds. I 
would much prefer an ambient temperature of 60 to 
66 ® F. supplemented by a high-temperature radiator 
rather than do without the radiator and have a uniform 
temperature of 66° F. A close approximation to what 
I sugg^t are the ideal outdoor conditions, demands 
the use of high-tempera.ture rather than low-temperature 
radiators with possibly (at some future date) the addition 
: of a small amount of ultra-violet radiation. I think 
that the radiators should be fixed to the ceiling or high 
; up oh the walls where they would be out of the way 
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and, beyond question, safe. For this purpose the bowl 
toe IS eminently suitable as regards design, although 
It IS not alTOys large enough for heating large rooms. 
It iSi however, well adapted to the heating of smaTi 
rooms, ^pecially the heating of bathrooms where the 
lact of the radiator being out of reach is of paramount 
importance. For the past 3 years I have heated a 
batmoom and a small bedroom in this way, the bowl 
tire m each case being fixed to the wall just below the 
ceiling. The author mentions consumptions per head 
for doinestic use of 30 units per annum, with a possi- 
bility of 300 in the future. As the result of runn^g a 
practically all-electric house for 5 years I find that the 
consumption per head has never fallen below 2 000 units 
per annum, of which rather over 40 per cent are absorbed 
by appliances for heating the house. In addition, two 
OTal fires are m use during the winter. Only high- 
temperature radiators are used, the instaUed capacity 
being as follows;— 


Dining-room 
Sitting-room 
Small bedroom 
Nursery- 
Bathroom .. 



Maximum 
loading of 
radiators 

Net cubic 
content of 
room 

Watts per 
cub. ft. 


kW 

2*26 

cub. ft. 

lOdO 

2*14 


3*2 

1 460 

219 


1 0*6 

640 

0-94 


1*0 

1040 

0-96 

• • 

0-6 

400 

1-5 


A.co^ fire is used in the nursery in cold weather, the 
raiiiator capacity of 0 • 96 watt per cub. ft. being insufB- 
cient to deal with low-temperature conditions. I should 
say, however, that a radiator capacity of 2 watts per 
,1® sufficient tp produce comfortable conditions 
wtmn lO mmutes of switching on. As regards casual 
h^t due to lighting, I find that the loading in the 
sittmg-room amounts to 370 watts, or 2-4 watts per 
sq. ft. of floor area, this figure being equivalent to 11 • 6 
per cent of the capacity of the radiator. I should like 
to know whether the author's figures in Appendices V 
V Mleased on the gross cubic capacity of the 
uildings or merely on the net cubic capacity of rooms, 

figures for 62 weeks ending 
26th October, 1931, amount to 6 273 units used prin- 
cipaUy for heating (a small part of this consumption is 
due to kettles, an iron, and a vacuum cleaner, which are 
not separately metered), equivalent to 0*421 kWh per 
annum per cub. ft. based on toe gross cubic capacity of 
toe house and 1 • 148 based on the net cubic capacity of 

^y electricity. I estimate 
that toe annual load factor is approximately 12 per cent 

V and VI the author distinguishes 
t«tween the ^ual consumption of various thermal- 
storage and direct heating installations respectively I 

which are complete and 
md 1*69 kWh per cub. ft. per annum for toCTmal- 
stor^e sy^ms as against an average of 0 • 617 for direct 
heating M tofee are representative averages, the 
toeimal-storage system, uses something like 3i tones as 
much enwgy as the direct system. Or, put another 


way, if one can afford to run thermal-storage systems at 
0*26d. per kWh, one can afford to pay something like 
0 • 8d. per kWh for direct heating. It is stated that low- 
temperature embedded panels produce no pattern 
staining on walls or ceilings due to deposition of dust. 
For what periods have these panels been in use without 
causing selective discoloration of the plaster or its 
decoration ? The Department of Scientific and Industrial 
Research have recently invratigated this state of affairs, 
and they attribute selective deposition of dust to the 
sUght variation of temperature of toe plaster surface 
resulting from the different thermal conductivities of 
lath and plaster. Variation of surface temperature 
must be much more marked where heating panels are 
emb^ded in the plaster, and it seems to me that pattern 
staining would be correspondingly accentuated. 

Mr. G. WlUdnsoii: With reference to the low- 
temperature panel system, I installed one of toe earliest 
water-heated panels (8 ft. long by 2 ft. 6 in. wide) opposite 
an alcove in my house some years ago, and in order to 
give a cheerful effect a rectangular recess was formed in 
the panel and fitted with a polished copper reflector 
and a lamp-holder, into which a 260-watt radiator lamp 
was inserted. As an illustration of toe comfort and 
economy of radiant heat, I would state that whereas a 
t^perature of 60 to 62“ F. is required for comfort in a 
sitting-room heated in toe ordinary manner, the alcove 
^ ^mte comfortable with the thermometer reading 3 
or 4 deg. F. lower. Table I mentions iron, oil, and’ 
water as three practicable heat-storage media. Three or 
four years ago in visiting a church heated electrically 
by the well-known tubular system, I found that the; 
alarmingly high maximum load of 230 kW was tek<»n 
by the instaUation. This figure indicates at once that 
success from toe economic standpoint for electric heating ■ 
does not lie in toe direction of hand-to-mouth methods 
of that type, but that some kind of thermal-storage 
system must be adopted. . The author deals in detail' 

: with hot-water storage and non-storage methods of 
electric space heating only: I wish to speak of the use 
of cast iron, as I have recently had some surprising- 
expmmce of its heat-storage properties. Although 
table 1 gives toe maximum working temperature of 
^n as 700° P., it is futile to eiqiect iron to emit much 
heat at so low a maximum temperature. By way of 
illustration of this point, if a poker is put into the fire 
and wthdmwn when it is red hot, say at 1 200 to 
1600° F., it will lose its glow very* quickly, i.e. the 
emission of heat to toe atmosphere will be rapid, but after 
It hM cooled to a black heat the emission becomes less 
and it is a long time before it becomes cold enough to be 
^dled at the heated end. Again, castings and steel 
ingots soon lose their glow on emerging into toe open, 
but as they cool toe heat emission becomes slower and 
IS ex-tremely sluggish at toe lower temperatures. I have 
m my house a space heater in which cast iron is toe heat- 
t®*hperature of which rises to about 
1460 F.-^ dull cherry red. The heat emitted from 
this gloiiring mass is transferred to a low-temperature: 
suiface, the working temperature of which is taken care 
of by a room thermostat operating upon a heat-emission 
valve placed between toe heated mass of iron and the 
outm casing. In this manner the heat emission to the. 
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apartment is automatically regulated independently £1 630 respectively. With cast-iron storage each heater 
of the temperature of the heated mass of iron, the is self-contained and there are therefore no heat losses 


maximum temperature of which is also controlled auto¬ 
matically by a simple device. Table 1 gives the mini¬ 
mum working temperature of iron as 200® F.; this again 
is a practically useless figure, as one cannot profitably 
employ cast iron at temperatures lower than 300 to 360® F. 
Below this figure the rate of heat emission is too slow 
for most practical purposes. If good results are to be 
obtained, the working range should not be less than 

1 600-360® F. This gives the high heat-storage figure 
of 160 B.Th.U. per lb. of iron and changes the whole 
aspect of the problem of successful thermal-storage 
heating. Instead of storing 29 800 B.Th,U. in a cubic 
foot of iron—at a capital cost of 18s. 8d., as set out in 
Table 1 (some of this being practically useless, due to its 
low temperature)—we get 67 600 B.Th.U. per cub. ft. 
at a capital cost of something like 6s. only per 10 000 
useful B.Th.U. stored. If the heat-insulation sleeve 
and valve be lifted off the glowing mass of iron the 
room temperature goes up quickly to a point which 
is distinctly uncomfortable; this, however, is a valuable 
characteristic, showing as it does the extreme flexibility 
of heat storage at high temperatures in cast iron. It 
also has a high economic value, as a heater of given 
rating can be called upon to perform the double duty 
of continuous heating and the quick heating of a cold 
apartment, the maximum demand for a given building 
being halved thereby. This should have the good effect 
of enabling considerably lower tariffs to be offered for 
such supplies without in any way decreasing profits. 
Many designs embodying the distinctive features of 
this type of heater may be made. The non-storage 
heating panel mentioned at the outset is built of 30-in. 
by 16-in. sections each of which weighs 36 lb. and emits 

2 760 B.Th.U. per hour. In its simplest form the heat- 
storage apparatus consists of an outer vertical cylinder 
of planished sheet steel with a centre core of cast iron 
in the form of a column of square section. This is 
surrounded by a sleeve of sheet metal sliding over 
the column and furnished with insulating flanges 
at each end, the upper flange carrying a valve which 
controls the heat emission to the outer casing which 
may in turn be controlled by a room thermostat, as 
already described. The casing between its upper and 
lower flanges is wound with thin crinkled aluminium 
foil in 4 to 6 layers, which constitutes a surprisingly 
good heat insulation, the whole being covered on the 
outside by an envelopiiig cylinder of sheet tin. This 
concentric casing can readily be lifted in and out of the 
heater; it is arranged with a clearance below so tha.t 
air from the outer casing can circulate beriveen the 
heated iron and the outer heat-emission cylinder. The 
necessary ducts in the hot chamber are provided by the 
passages on the four sides of the heat block formed by its 
flat sides and the curved surf ace of the enveloping sleeve 
of sheet metal. Referring to Appendix X, the estimated 
capital costs ^ven are £10 300 for the hot-water storage 
system and £6 300 for the panel system. With cast- 
iron heaters of the type already described one can get 
the same number of heat units and an equivalent distri¬ 
bution of heat for a capital outlay estiihated at £2 600 
to £3 000. The annual costs are given £1 074 and 


due to radiation from pipes or tanks,, and there are no 
circulating pumps to run; therefore the 26 per cent 
extra kWh allowed in the hot-water system to meet 
these losses must be deducted, and the annual energy 
consumption becomes the same as for panel heating, viz. 
441 000 kWh per annum. The iron storage-heaters 
take their current during off-peak hours and the units 
consumed are therefore chargeable at the storage rate 
of 0* 3d. per unit quoted by the author, instead of the 
0'694d. per unit for the non-storage panel system. 
Allowing the same percentage for interest and deprecia¬ 
tion as is set down for the panel system, and adding the 
£10 per annum for attendance, the annual cost comes 
out at only £761, or over 100 per cent less than for the 
non-storage panel system. In this figure no allowance 
is made in respect of the substantially-decreased maxi¬ 
mum demand required due to the extreme flexibility 
in the oufput of this class of heater. 

Mr. H. G. Fraser: I think that we ought to be very 
cautious in preparing estimates for electric heating on 
a fairly big scale, othenvise we are likely to do tlie 
industry a great deal of harm at the outset. If, on the 
other hand, electric heating is carefully tackled, it will 
lead to opportunities of greatly helping the industry. 
I have a few figures for tubular heating that may prove 
interesting. They represent an elementary-school instal¬ 
lation which has been in service for a little over two 
years, thermostatically-controlled tubular heaters being 
employed throughout. The total installed capacity is 
some 140 kW and the maximum demand rarely, if ever, 
exceeds 130 kW, this load invariably coming on between 
8 and 10 a.m. Usually the full load is on at 8 a.m., and 
the load gradually decreases as the thermostats come 
into operation. Towards 10 a.m. the load is probably 
100 kW. In the afternoon the load comes on again 
for a short time just after lunch when the school opens, 
but not to the same extent. It never exceeds 100 kW 
in the afternoon, and it gradually falls at about 3 p.m., 
when there is probably less than half load on, given a 
reasonably cold day. At 3.30 p.m. 20 or 30 kW are 
being taken, and the whole load is off at 4 p.m. Although 
it does not affect the power-station peak, the load is 
not a cheap one to supply. The flat rate at which we 
give this supply at present is 0*66d. per unit. The 
consumptions for the last two years have been 86 000 
and 06 460 units respectively, which work out at 
roughly £196 and £216 per annum. If it is true that 
the installation enables the school authorities to dispense 
with the caretaker's labour, etc., the proposition is a 
good one from their point of view. If it is not true, 
however, the price will have to be reduced, assuming 
that no great value is set on the superior convenience 
and cleanliness of electric heating. I think that in an 
industrial district, certainly in the West Riding of 
Yorkshire, the convenience, etc., of the electrical in¬ 
stallation is not assessed at so high a value as it is in 
other parts of the country. We have established that 
this type of load is a distinctly off-peak " one so far 
as the power station is concerned, but it is only on for 
the winter months and is not used in June, July, August, 
and September, except occasionally. The supply always 
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Jias to be available, however, because with electric 
heating the necessity for shutting down the school 
heating system for a fixed period during the summer 
regardless of temperature, does not arise. The electric 
heating system is always available and is used accor¬ 
dingly. 

Mr. E, A. Logan: I worked for a considerable period 
in a large building equipped with a thermal-storage 
heating system with embedded panels, and one of the 
features which impressed me most was the enormous 
effect of air humidity on the feeling of warmth 
experienced. I found that when working at a tem¬ 
perature of 63® F. on a dry day quite a number of 
people complained of being too hot, whilst on a 
foggy day they complained that they felt cold at 
the same room temperature. I think that not only 
vdll the embedded-panel system suffer from this varia¬ 
tion of sensation with humidity, but so also will the 
thermostatically-controlled S 3 rstem. In time engineers 
will no doubt evolve a new thermostatic system which 
will take account of the humidity. I found that if a 
wet overcoat was hung up to dry in the building to which 
I have referred, it was just as wet a few hours later, 
because in the highly saturated atmosphere the moisture 
percolated through the coat without drying out. The 
garment thus became practically useless for the time 
being. In some of the first buildings to be heated 
elecWcally the ventilation problem was rather neglected. 

I think that the engineers responsible for the designs 
were rather concerned at the amount of heat they 
would lose if the ventilation were adequate. The 
problem has been dealt with better in later installations 
least one case a rather elaborate air-conditioning 
plant, involving a certain amount of regeneration, has 
been installed. The author may be able to give us some 
details of this system. The paper reveals that new 
kinds of fixtures and a new electrical heating technique 
are being developed. Materials are being used which do 
not belong properly either to the electrical or to the 
building trade, but partly to both. I should like to 
know how the labour question is dealt with on these 
heating installations. In London, in particular, there 
are at present very great difficulties in this coimection. 
For example, if an electrician requires a hole through a 
wall he has to have a bricklayer^s labourer to make it. 
One ^eat advantage inherent in an electrically-heated 
building with embedded heaters is worthy of comment 
Sometimes in the spring there is a rapid rise of air tem¬ 
perature coupled with a high degree of humidity. Under 
this condition in a building with cold waUs and floors, 
particularly with marble panels or painted surfaces, a 
distressing weeping effect is created by water running 
down the walls. Tiiis does not occur in an electrically- 
hearted building, due to the walls being warmer than the 
surrounding air. I am interested in the easily-applied 
heating ^method which the author has evolved, but I 
^ould like to know whether the material used is non- 
mnanimable. I have recently had an unfortunate 
ea^enence ^^th a low-temperature heater made pf an 
m^inmable material. Ihe latter being in a dry state, 
wen sUght arcing occurred it began to smoulder! 
With reg^d to the question of high-temperature versus 
low-temperature ceiling radiators, can the author give 


any information as to the possible physiological effect 
of high temperatures overhead ? I have heard it suggested 
that high-temperature heating placed overhead is liable 
to set up a condition closely approximating to sunstroke. 
Fig. 16 gives the results obtained with a thermostatic, 
ally-controlled non-thermal-storage system, a system 
which the supply engineer is rather inclined to disparage 
from a load-factor point of view, fearing that the inci¬ 
dence of the heating load will add to his normal load 
peak. It will be seen that the curve is almost the 
obverse of a normal load curve, with the exception of a 
period about 9 a.m. I think Fig. 15 is worthy of study 
by the supply engineer from the point of view of levelling 
the load on his mains. 

Mr. R. M. Longman: Mr. Wilkinson has, I think, gone 
a long way towards saving the situation for the supply 
undertakings, by a system of heating iron up to a 
temperature of about 1 700® F., which reduces the cost 
and completely alters the figures for Appendix X. His 
method is rather similar to that adopted in the thermal- 
storage systems used in Norway and Sweden with great 
effect and satisfaction. If we can develop on those 
lines, there is great hope for industrial electric heating. 

I should ae to ask Mr. Wilkinson the weight of the 
heater which he has in use at his own house. Before 
coming to this meeting I felt that we ought to* pay 
special attention to thermal-storage s 37 stems to assist 
m filling up the night valleys in the load curves. The 
ideal load would come on any time after 9 p.m. and go 
off at 9 a.m., with a refresher between 12 noon and 2 p.m., 
and partial load after 6 p.m. In a certain town they 
were recently considering heating the schools and public 
buildings electrically, and the engineer was very sceptical 
^ to whether this would give such an increased demand 
in the morning that the peak would occur in the morning 
due to this industrial heating. I trust that he has 
carefully studied the paper and consequently feels 
reassured on this point. Domestic heating is quite a 
different proposition from industrial heating. As a 
substitute for a coal fire one must provide something 
that is pleasant, attractive, bright, and cheerful. My 
home mstallation, which heats an 8-room house occupied 
by 6 persons, has a consumption of 9 000 units per 
amum for aU purposes, but coal fires are used in the 
kitchen and dining-room during the winter. All the 
cooking and about 76 per cent of the water heating is 
done electrically. What is wanted is an increase of the 
domestic load, which is always with us, both in good 
times and in bad. 

Mr. W. Bundas : The supply engineer must spread 
the author's enthusiasm for electric heating if progress 
is to be ruade. The task is by no means easy, the load 
being entirely seasonal, thus adding to the demand on 
the^ station at times of heavy loads and thereby miti- 
gatog against the requirements of a low tariff, upon 
w;hich the success of electric heating from the point of 
view of the supplier is primarily dependent. Winter- 
evening peak-load hours must be ruled out entirely, 
which indicates that electric heating will certainly have 
to rely on heat storage oh the consumer's systenx. 
Again, the load curves shown in Fig, 16 indicate a 
decided peak at 9 a.m., and it is quite conceivable that 
that peak may rise considerably with the developihent 
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of the heating load unless some restriction be made to 
cover the period in question* From experience of steam 
heating, I am convinced that it will be necessary to get 
down to a low figure in the region of 0‘2d. per unit to 
attract custom, but this figure is permissible only during 
ofE-peak hours. The more efficient application of 
electric heating compared with the other systems men¬ 
tioned by the author, together with other advantages, 
will assist, no doubt, in obtaining a more economical 
overall price per kWh. The heating load is attractive 
inasmuch as it will help to fill the early-morning gap in 
the load curve, about which all supply undertaldngs are 
much concerned, and whether the advantage thus ob¬ 
tained will enable an attractive day-load taiifi to be 
secured calls for careful investigation. 

Mr, G. W, Jenkins: I should like to add a word to Mr. 
Logan's remarks about humidity in connection with 
electrical heating, I believe that a lot of the smell, or 
the " stufiy feeling, that has been mentioned in the 
paper and by other speakers is due to the excess of 
humidity set up by fairly high-temperature heating. 
A radiant-heat system enables one to get a degree of 
comfort by maintaining a very much lower temperature 
of the room, and the thermometer is therefore not 
necessarily a guide to the state of comfort of the indi¬ 
vidual. I believe that a lower temperature gives rise 
to a lower degree of humidity and therefore tends to 
eliminate stuffiness " and smells while still maintaining 
the state of comfort of the individual. Perhaps the 
author could enlarge upon this particular feature. Mr. 


Longman has mentioned that the-conservative ideas of 
electrical heating held by some people in this country 
make them insist upon seeing the source of heat, i.e, 
some sort of glow. I think that this is a matter on 
which electrical supply engineers should educate the 
public. In travelling America from one end to another 
one never comes across an open fire. Evidently the 
Americans have been educated -up to the degree where 
they can feel comfortable and warm without seeing the 
source of heat, or any kind of glow. 

Mr. C. F, Wells [communicated ): Whilst I agree that 
thermostatic control is generally desirable, I think there 
may be a danger of the electric system losing some of its 
advantages if rooms in occasional use only, such as 
bathrooms, are continuously maintained at a temperature 
of, say, 60° F. In a 6-room all-electric house I carried 
out the whole of the heating with electric fires for a 
consumption of 6 800 units per annum, which worked 
out at 1 • 1 units per cub. ft. per annum. On the same 
basis I estimate that there is a potential market for 
200 to 300 million units per annum for the heating of 
houses in the United Kingdom. One of the installations 
for which my company has been responsible is a Roman 
Catholic church where 40 kW of tubular heaters are 
installed. In this case the consumption is 9 800 units 
per annum, which works out at 0*1 unit per cub. ft. 
per annum. 

[The author's reply to this discussion will be found 
on page 211.] 


South Midland Centre, at Birmingham, 7th December, 1931. 


Mr. E. A. Reynolds: It is now recognized that 
electric heaiing has entered into competition with other 
methods of heating buildings and that as regards cleanli¬ 
ness, adaptability, ease of control, and variety of appli¬ 
cation, it has advantages over those. There are, however, 
two other considerations—comfort and economy—to be 
taken into account. The sense of comfort of the human 
body as far as warmth is concerned depends much more 
on the heat received by radiation than on that received 
by convection. * A much greater sense of comfort is 
experienced in a room where the air is moderately cool 
and radiant heat is acting on the body, than in one 
where the air is heated to a higher temperature without 
any radiant heat. A low air-temperature is also an 
advantage from the point of view of health. Radiant 
heat makes it possible to have better ventilation and 
even open windows without feeling that heat units are 
being extravagantly wasted by driving the heated air 
out of the room. We have all experienced the feeling 
of healthy comfort given by bright sunshine in a still 
atmosphere that is well below freezing-point, and this 
is a good object lesson to guide us in our efforts to give 
comfortable and healthy heating of buildings, and more 
particularly of the living-rooms in our own houses. 
This end can be more satisfactorily attained by electric 
heatmg than by any of the other systems. Probiably 
the most economical and healthy way tO: heat a living-- 
room would be to install some form of low-temperature i 
heating such as electric panels or tubes, so as to main- j 
tain a moderate temperature, and to aughient this by • 


an electric radiator of the reflecting type. This would 
provide a definite source of radiant heat which can be 
moved to any part of the room, and which in addition 
to its heatmg effect would introduce a centre of interest 
which is absent in uniformly heated rooms. The ques¬ 
tion of the general use of electricity for heating depends 
entirely on the relative cost of electrical and other 
systems, bearing in mind the advantages peculiar to 
electric heating. The fact that the umt of electrical 
energy represents 3 416 B.Th.U. has been extensively used 
as an argument against the use of electric heating, by 
comparing this quantity of heat with the very much 
larger amount of heat energy represented by the amount 
of coal necessary to produce that electricity. This is, 
however, quite beside the point, as the important 
question is the actual cost of obtaining heat at the 
particular position in the form required for comfort. 
This figure is best settled in actual practice, and it does 
not depend entirely on the fundamental facts of the 
• theory of heat and calculations of heat losses in various 
forms. The essential factor in the general use of electric 
heating is, thereforeWhat is the lowest price at which 
the supply authority can afford to distribute this energy, 
and at that price is it economical for the consumer to 
use that energy for electric heating ? The author states 
that it is more economical to maintain the temperature 
of a building constant throughout the day and night, 
than to allow it to fall during the rdght and be raised 
again the next morning, and also that under many 
conditions the load is a minimum during the late after- 
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noon. If this is the case, such a heating load would 
be an ideal one from the point of view of the supply 
authority, and it should be charged for at the lowest 
possible rate. In some areas current for this purpose 
is now being sold at ^d. per unit, and in other areas 
this price is charged for domestic water heating and 
for heating loads in factories. Thus there is apparently 
no reason why the continuous heating load for private 
houses and public buildings should not be charged at 
the same rate. If supply authorities were to adopt 
this rate for such purposes, the probability is that they 
would soon have to increase the size of the distribution 
mains in the centres of large towns to deal with the 
increase of continuous output that would have to be 
met. 

Mr* F, C* Platt: Although, as the author remarks 
in his Introduction, the seeds sown by the Electrical 
Development Association are bearing fruit, a good deal 
remains to be done in the way of education, and the 
amount of money spent on advertising in the lay Press 
should be tremendously increased. Regarding his state¬ 
ment that more attention is being given to electrical 
matters by the lay Press, I am of opinion that public 
services have no news value unless they go wrong; 
thus a tube failure at the rush hour, a black-out in the 
West End of London in the evening, the fume question, 
etc., aU constitute news, whereas the application of 
electricity does not. The germ of the whole paper lies 
in the comment (on page 1080) regarding pollution of 
the atmosphere. The public does not realize the extent 
of the injury to health and fabric caused by smoke, and 
a determined effort to suppress this nuisance would 
direct the public mind towards the desirability of using 
electricity generated in power stations where fumes can 
be rendered innocuous before being discharged to the 
atoosphere. We are practically no further advanced 
pan m mediaeval times as fair as domestic space heating 
IS concerned, and in this connection I would deprecate 
excessive emphasis on the financial aspect. Surely the 
vipies of electrical space heating are worth the slight 
expa cop. At pe risk of seeming inconsistent, I 
spmit the following figures for comparison with those 
given in Appendix VIIL 

of Building. Single-story mills; north-light roof. 
Heating Season. 30 weeks. 

Type of HeaHng. 

Works A. Steam 186 lb. per sq. in., superheated 

100 deg. F., reduced to 60/90 lb. per sq. in., 

circulated through pipes suspended at 

9 ft. above floor-level. 

Works B. Steam generated at 40/60 lb. per sq in 

s^ted, circulated through pipes as in 

^olufne of Building, 

Works A, 12.1 X lO® cub. ft. 

Works B, Ivie X I08cub.ft. 

Total Slcuik Burnt, 

WorksA,%4t2%t6xis, 

WorksB. 392 tbns. 


Total Steam Supplied, 

Works A, 33-67 x lOMb. 

Works B, Not recorded. 

Slack per cub. ft. 

Works A, 0*45 lb. 

WorksB, 0*756 lb. 

Steam per cub, ft. 

Works A, 2*78 lb. 

WorksB, Not recorded. 

The whole of the figures are for 30 weeks. 

Fuel Used, Slack, about 9 600 B.Th.U. per lb. as fired. 

Mr* J. Anderson: It is a great pity that so much 
endeavour should have been expended in so poor a 
cause as the one championed by the author. He liimself 
appreciates that it is a bad cause, for in the Introduction 
he states:—"'Very many technically-trained men at 
present hold the opinion . . . that electricity is hope¬ 
lessly handicapped.*' If he had substituted all techni¬ 
cally trained men know " he would have been nearer 
the truth, because to heat buildings economically by 
electricity is impossible. It is only when economy 
becomes less and less important, and convenience— 
whether of use or of installation—^becomes more and 
more essential, that a case can be made for electrical 
heating. In the heating of a workshop the problem is 
presented in its simplest and crudest form, for tlicre 
economy is imperative. I have worked out the following 
costs for two workshops. The first is a large workshop 
covering nearly 3 acres, with a total cubic content of 
approximately million cub. ft. The plenum system 
IS used; low-pressure steam raised in a boiler passes 
toough pipes to nests of tubes over which air is blown 
by electrically-driven fans into large ducts carried the 
len^h of the buildings. The condensed water is pumped 
back into the boiler, and only a very little make-up 
water is needed from time to time. The shops are 
usually ve^ comfortable to work in, although on very 
cold mormngs when the stoker has not kept the fires 
up ihe temperature has on some occasions been rather 
low for the first hour or two. The system was started 
extended as the works grew. 
Witt co^ at 20s. per ton. stoking at £4 14s. Od! per 

^mont^, i.e. 8 700 hours. Assuming 14 000 B.Th.U. 
per lb. of co^, there are 1-48 B.Th.U. per cub. ft of 

te ^ l^eap. Taking October 

gW03«d. jnd 2-43 ^.t/Z^tS^S' thSiw’^ 

a 000095d. ^r cub. ft. per hour over 6 100 hours and 
aere are o^y 0.485 B.Th.U. in the air. AssuS“e 
efficacy of the steam plant to be only 50 per 3 the 
electneal ^t at 0.676d. per unit wo^d be 6% 
ae present cost, and at 0.96d. it would be 9 8 toes 
^loSeTOnd case rs that of a smaU workshop 60 ft’. 

volume being 11700 cub. ftf It is 

partitronedmtothreeparts.40,10.andl0 ft.Tong. ^The 
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40-ft. part is heated by a specially designed gas heater 
located towards the partitioned end; the flue is carried 
along the centre of the shop and passes out through the 
end gable. The temperature of the discharge gases is 
about 112® F. The other two parts are heated by eight 
resistances, two under each window, and they are run 
either at a dull red heat or just below it. A comparative 
test was made on a mild day with no sun, no fog, no 
rain, and very little wind, when the outside temperature 
was constant at 42° F. throughout the duration of the 
test. The temperature at 6 ft. from floor-level in the 
gas-heated part was 67° F. at the coldest spot and 
63° F. at the bench nearest the stove. Similar figures 
for the electrically-heated part were 69° F. at the 
coldest and 61° at the warmest, so that the mean tem¬ 
perature was the same in both cases. The price of gas 
is 7*79d. less 6 per cent per therm (3s. Id. per 1 000 cub. 
ft., less 6 per cent), and of electricity Ijd. per unit. 
The results were 0* 000336d. per cub. ft. per hour for 
gas, and 0*0018d. per cub. ft. per hour for electricity, 
or electrical heating was 6 • 36 times as costly as heating 
by gas. The largest consumers in Birmingham buy gas 
and electricity at about 62 per cent of the price I pay, 
so that the ratio would remain unaltered in their case. 
Taking the efficiency of the electric heaters as 100 per 
cent, the B.Th.U. suppliecl to the air per cub. ft. per 
hour are 4 • 06, and taking the official figure of 476 B.Th.U. 
per therm for the calorific value of the gas the corre¬ 
sponding figure is 4-66 B.Th,U. per cub. ft. per hour. 
This makes the efficiency of the gas heater 89 per cent, 
which is quite a likely figure in the circumstances. That 
there is not much wrong with my figures for electricity 
is shown by the fact that if one reduces 0 • 0018 in the 
ratio of the price per unit and the B.Th.U. in the air, 
one gets 0-000097 as against the author's 0-000096. 
Coming higher up the scale to small houses of £60 to 
£80 rateable value, the position is a little more favour¬ 
able. I have lived in and fitted out six houses in the 
past 26 years; the first two were completely gas-heated, 
except for the water heating, the next was equally 
completely electric, the next two were gas, and the last 
has a mixed system—coke, coal, gas, and electricity— 
which I am satisfied is the only one giving the maximum 
of comfort and convenience at a reasonable price. 
Continuous heating, advocated by the author, is not 
attempted and it would not be of much use since the 
whole house is thrown open to the four winds of heaven 
from 9 a.m. to 12 noon, and some of the windows are 
practically never closed. Only the fixed charge plus 
id. per unit makes the limited use of electricity for 
heating at all possible; the overall charge works out at 
0-986d. per unit for all purposes in my case. 

Prof. W. Cramp; The author omits all reference to 
the physiological aspect of electric heating, although 
this appears to me to be the factor which, in the future, 
will control the type of radiator. The recent experi¬ 
ments of Prof. Leonard Hill lead one to believe that 
low-temperature radiation should not be encouraged, 
and my own experience is in exactly the same direction. 
Children are very good and unprejudiced judges of what 
is comfortable, I had a nursery and for some years it 
was heated by means of an anthracite stove, which 
maintained an even temperature? of about 60 to 66° F., 


day and night in the room, yet the children constantly 
complained of feeling cold. I substituted a radiator 
of riie lamp variety, which was switched on about half 
an hour before the room was used, but in a very short 
time after entering the room and remaining in the direct 
radiation the children asked that the radiator should 
be switched ofl, although the temperature was only 60° F. 
This occurred repeatedly, and an analysis seemed to 
show that the effect of the radiation was to stimulate 
the action of the skin, so that the natural circulation 
materially improved, and the effect of warmth was pro¬ 
duced without that dryness of the air and excessive 
evaporation from the sto which accompany all systems 
that give a uniform air-temperature. I believe that 
direct high-temperature radiation is much more akin 
to the effect produced by summer sunlight than any 
Idnd of low-temperature radiation or convection heating, 
and in addition the cost of heating electrically by such 
means is very much lower. The transfer of heat also is 
quite different, when such radiation is employed. Dark 
objects, including practically all furniture, absorb the 
radiation and rise to a temperature higher than that 
of the surrounding air, which is in accordance with 
what talces place under pleasant conditions in nature. 
As a result, no feeling of cold is experienced in touching 
such objects, whereas if the heat be transferred to the 
air first and to the furniture through the air, the opposite 
effect is produced. It may be useful to add a comment 
upon the calculations which are usually made in con¬ 
nection with coke stoves. The conditions which obtain 
in practice are not at all the best for producing that 
high efficiency which is often quoted. In most offices 
and houses the coke stove runs for many hours with 
bright burning fuel at the bottom and cold coke at the 
top. In consequence, it acts as a producer, turning out 
large quantities of carbon monoxide, which pass away 
up the flue, When the bulk of the fuel becomes red 
hot, this gas can be seen burning with its characteristic 
blue flame in the upper portion of the stove, and only 
then is the stove efficient; for the quantity of heat given 
out by the change from coke to carbon monoxide is far 
smaller than in the change from the monoxide to the 
dioxide. 

Dr. L. G. A. Sims; I should like to comment upon 
Section 11 (page 1060) of the paper, which is apparently 
based upon information given in the recent paper on 
'' The Heating of Buildings Electrically by means of 
Thermal Storage "* and perpetuates, what seemed to 
me a somewhat serious omission from that paper. I 
refer to the omission of information relating to the unit 
type of thermal-storage heater employing as the storage 
medium blocks of suitable stone or of iron, instead of 
water or oil. Circulatory liquid storage systems are not 
the only ones worthy of consideration by the heating 
engineer. In my opinion both the floor-heating system 
used abroad and the unit-type heater should have been 
mentioned by the author, particularly as he criticizes 
the hot-water system rather severely. Information 
relating to the floor-heating system of thermal storage 
will be found in the contribution which I made to the 
discussionf on the paper by Messrs. Monkhouse and 

* S. E. Monkhouse and X. C. Grant; Journal 1980, vol. 68, p. 057. 

t IWJ., vol. 68, p. 608. 
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V “ *“* “:<asio» to eomta, my 

^ o* **®ater. This CO J 

! accumulation core of blocks of cast iron or 

^table stone enclosed in a heat-insulated casing. While 

-r®” K convenient for manufacturing 
reasons, its weight is a slight disadvantage. A stone 

storage capacity per unit weight it must, in general be 
^at a somewhat h^her temperature than one of iron. 

urthemore, many forms of stone are unsuitable on 
^unt of them poor thermal- and mechanical properties. 
In a heater of t^ umt type developed at the Uniwrsity 

2 ^ inefficient modS 

to an efficient and practical heating device, cast iron 

^ ^ charging 

ITffi dissensions are approidmaSy 

20 m. X 20 in. cross-section by 33 in. height. The 
heater, even m this small size, has an efficiency of 
^^om^^y 90 per cent. With this form of heater 
^mge takes place, in the room to be heated, so that 
no boiler room is necessary and therefore much of the 



Fig, F, 

^ttor's criticism of the thermal-storage system using 
water does not apply to this system. Them is evTf 
^e for damung 100 per cent effidency for it rather than 

th® lieat developed 
rated m the room. As the author points out the 
r^-tem^rature diaracteristic is an important matter 
any form of heater, and tiie unit-^ solid-core 
^ respect. Though 
in ite entirely satisfactory, the heater 

^ reasonable demands. A room 
temperature constant within less than 6 deg. F. during 
15 hours may be obtained by means of it. Fig. F shows 

*^®®® heaters fo a room 

^ seen that durmg 11 hours of the working day the 
^^ture-was maintained at 66»F. constant toIbout 
TiftF f 11 V f“d that over 16 hours the temperature did 
Mt fall below 62“ F. or rise above 66“ F, It has to 

hSufuT^ ^ ^ ^ toy contract in a few 

noSi^ alterations to the structure 

nor additions of any kind other than the usual wiring 

^ heater is in circuit only 
dimng foght (in the case described above the du^! 

Heating 


ay ing period was 8 hours) and so qualides for the maviTniiTri 
n- oS-peak rebate. No difficulty is encountered in 
or “eetmg ^e requirements of supply authorities for 
Je ^erent off-peak ’’ periods. For example, a satis- 
ig f^tory design was recently evolved for a case in which 
le the heater could be allowed to remain in circuit all day 
ss except between 10.46 a.m. and 12.46 p.m. and between 

^ ® P-m.— a very long charging period, 

a. The heater is even more suitable if only a short charging 
>n penod is available, provided that this occurs after ^d- 

s. night. I am very sanguine that unit-type thennal- 

y storage heaters will meet a need in such service as. for 

3l example, office heating, where 20 to 30 kWh per dav 

n are snffident, provided that a small amount of floor 

g space ^ be spared. They ought to be better known, 

y for I beheve they wiU do the work required of them 

e more economically than other methods, 
f Mti H. Hooper: The subject of electrical heating 
r ^ns up su^ a wide field that practical figures are of 
t “te^t at thfe juncture. It is my c^inion that future 
3 electncal development in this country wiU be along the 
« ^ further domestic electri- 

•^® are the details of an actual 

installa,tion of tubular heating for a block of large offices 

^ ^ garages. Connected load 

~ nnife consumed in one year 

- 83 000; 1 201 ft. of tubing and 31 thermal swit^es 
were uwtalled. The value of such a system in any area 
woifld depenflentirely upon the price per unit obtod. 
but tubular heatmg is not in my opinion a practical 
prop^tion at a tariff exceeding §d. per unit. I Should 
hke to refer to an attempt to put in a thermal-storage 
^rn m a bM^g of 30 000 sq. ft. floor area; sLm!s 
were obtained for an 860-kW installation to give a 
temperatiTO of 66“ F. The capital cost was fomtd to 
to to £6 000, For a temperature of 46“ 

to 60 F. alternative schemes were put forward of 

S 00 ° 0 ™p*^^-f ^ capital cost of 

£3 000. Even if this difficulty of high capital cost had 
been got over it would have been impossible to obtain 
a sa^^y pnce per unit. Id. being the lowest figure 
ava^ble.^ In tMs case it was found that elecfaSty 
could not be used, and oil-fed steam system was pmt 

“1* °i ®'KP>^““ately £900. It is my opinion 
teat for the beatmg of large works, warehouses%tc., 

^ thermal-storage off-peak supply, the price per unit 

sTatior?^coa;cSts^^”^‘ 

^^*® Shows one 

floor of a 4-story block of offices heated on the tubular 

seen thaFthe tubes are placed within 6 in. of the 
wmdow-siU foyel, and not on the skirting board as 

d^i^ed mFig 1 . There are three reasoL for thS 
combat most effectively, by convection, ftie 

'“‘® <• second, to increase 

the effei^ve radiatmg arc, which becomes about 85“ 

*^® page 1048; 

Md third, because these tubes are not intended te be 

T>ia,«« *^® ^‘®®* of preventing this is to 

place them where It IS not likely to be attempted. It 
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may be argued that in this position there is a likelihood 
of people getting burned, but in three years this has not 
happened. The heating is controlled thermostatically. 
When first installed, in 1928, there was only one 
thermostat per floor, but this was not a success, as the 
temperature at the thermostat did not necessarily 
represent that elsewhere, for example near a door or 
open window. These thermostats were therefore replaced 
by the type mentioned by the author, each controlling 
about 30 ft. of tube—some 2 kW. In Table 4 the author 
places this type of heating in class C owing to its effect 
on decorations. From my experience I should place it 
in class B. I do not find myself in agreement with the 
author when he advocates continuous heating through¬ 
out the season from October until May. I have tried it 
and have found the cost to be very much higher than 
with intermittent heating, without any advantage from 
the point of view of comfort. I use a time switch 
arranged to cut off the heat about 6 p.m. and to switch 
it on again in the early hours of the morning. At the 
week-end the switch comes out at mid-day on Saturday 
and comes in ^gain early on Monday morning, the 
temperature, of the ofi&ces being about 60® or 61® at 
9 a.m. Under the author’s suggestion there would be 
about 37 hours of heat losses to be made good, without 
useful effect. The author has referred to the disability 
under which the engineer labours when asked to guarantee 
the temperature of buildings which are only in the paper 
stage. I agree with this and have sometimes found it 
necessary to make corrections of as much as 10 per 
cent. The only other t]ype of electric heating of which 
I have had experience is the high-temperature panel 
system, but I find the panels rather fragile, which is not 
surprising when one remembers that they are slabs of 
fireclay about 26 in. X 16 in. X J in. It would be 
interesting to know whether the manufacturers have 
tried to reinforce the panels with embedded steel strips. 

Mr. A. G. Engholm: Electric heating of buildings 
has many advantages, especially as regards installation 
and manipulation. Unfortunately the price of the 
electricity required to give the necessary number of 
B.Th.U. over the normal heating period in a building 
increases the cost far beyond that of a steam or hot- 
water system. I am of opinion that the running cost 
of heating by electricity is about 17 times the cost of 
steam or hot-water heating. Gas, eyen if gas-fired 
boilers are used, is about 6 times as costly. I therefore 
f-hink that at present there is a comparatively small field 
for large-scale heating by electricity. The author has 
brought one good feature—the use of electric thermo¬ 


stats—^into prominence. These enable a mean tem¬ 
perature to be maintained in any part of a building, 
notwithstanding variations in the outside temperature. 
As we only require heat for our own personal comfort, 
it is necessary, when we set a thermostat to govern the 
temperature, to take into consideration the question 
whether manual work is being done or not. For manual 
work we only require a temperature of 66 to 60® F., 
whereas for sedentary work we require 60 to 70® F. 
There are many ways, however, in which electricity can 
be used to great advantage by heating engineers. For 
instance, electrically-driven pumps are now on the market 
which will automatically return condensed water to the 
boiler or hot well, so that even if the steam pressure 
from the boiler dies down and the steam pumps therefore 
fail to operate, the electrically-driven pumps can be 
relied upon to do their work. The same applies to 
electrically-driven wet vacuum pumps, which are now 
able to reduce the steam pressure to as low as 26 in. of 
vacuum, giving a temperature of 133° F. This system 
of steam heating can be so easily governed by electrical 
control, that not only can a good mean temperature 
be maintained in a building notwithstanding the varia¬ 
tion of outside temperatures, but a long temperature 
range can be given, say 133° to 227® F., which is equal 
to 6 lb. per sq. in. of steam pressure. This means a 
big saving in fuel consumption, as on mild days it is 
not necessary to generate so much steam. Such a 
system, electrically driven and controlled, saves at 
least 26 per cent in fuel consumption over even the 
ordinary vacuum system of 10 or 12 in. Electric indi^ 
cators can be installed in the engineer’s office so that 
it is possible to see at once whether the temperatures are 
being maintained on any particular floor or part of a 
building. Unit heaters are now being largely used 
which consist of steam or hot-water heated gilled copper 
tubes, properly encased, over which air is circulated by 
means of a small electric motor, using only about ^ or 
^h.p. On the discharge side of the unit heaters 
deflectors are fitted one above the other; these deflect 
the heated air down to the floor. These unit heaters 
give quite a large number of B.Th.U. per hour, for a 
very small cost of first installation. If electric tubular 
heaters could be employed in place of the gilled tubes, 
it would probably be very advantageous, but apparently 
the running costs of the former are too heavy. Perhaps 
the author could give us some information on this point. 

[The author’s reply to this discussion will be found 
on page 211.] 


Sgottish Centre, at Glasgow, 8th December, 1931, 


Prof. Sr Parker Smith: It is a remarkably good 
paper, i am principally interested in the author’s panel 
heating system, Shortly after it was first introduced 
I recommended it for the heating of a hospital. It 
was ultimately adopted, but the panels were heated by 
water. I should like to have seen an example of an 
all-electric syutem in use in a hospital ; and if the energy 
rates had been a little more favourable, elec^icity might 
have been used as the heating medium. It is interesting 
to consider how a room can be heated by low-tempCTa- 


ture panels in the ceiling. The only ways in which heat 
be got rid of are conduction, convection, and radia¬ 
tion. In the case of ceiling panels one prevente the 
heat from being conducted away by the use of suitable 
insulation. Heat can therefore escape only by con¬ 
vection and radiatioh. Consider a flat plate heated on 
one side and suspended in air. The relative amounts 
of convection and radiation will depend upon the posi¬ 
tion of fhe plate. If fhe plate is so placed that con¬ 
vection is prevented, radiation will take place and the 
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S'tte W® dissipation is equal 

to tte heat supphed. In the case of ceiling panels con- 
vectaon IS prevented, consequently most of the heat is 
dissipated 1^ radiation. In the panel-heated room we 
have seen that the temperature is practically the same 

SroSn^JT- ^-«^"-4thusSn?;esX 

*0 convection 

hating or air-warmmg. Though the room should not 
V- “ to sit in “stufiy,” 

Sattt^T; “’ejection to panel heating is the feet 
ttat tte h^tmg goes on whether the room is used or 

PO“t too far, 

but one ofJhe arguments in favour of electricity for 
hearing is tiie economy resulting from the fact t^t it 
can be svdtched off when not required. Sn ^ 
panels conteolled by a thermostat, and heating going 
on mght and day for 24 hours, may not the panel system 
exi^sive with the price Jf ener^ as 
in ^ months in thenar 

L ifl ^ “ the mmn- 

ing and evemng, but not in the middle of the day or 

dunng the mght. Panel heating, however has a biv 
WUg. I. Londoa and 

S • ^ amount of female labour in the 

question is becoming very 
acute and is changing current ideas. The domestic 

^® f^^t is rapidly fofvfeg 
tte coal problem. However charming a c^ fee mav 

the ^ it going without 

the labour necessary to look after it 5.- • r 

of view in future^ com^S ^Tot^® 

between coal and electricity, as bXse^Se -nS 

systems which the author h^ describS. * ® ^ 

J^oughout the Clyde vallfy theS 1^^ ofTcS yZ 
^n a complete f^ure of the strawberry crop, dL to 
pfent disease, with the result that the growm have 
of iSS A*° attention tofther sources 

““y have solved tte 

way up the Clyde-side one can see on everv bsiTi,! 
large areas being covered with glass-houses a faS^wWrh 

^r4rrp,r.rr^~^‘ 

accept aiiV proposal for ^ readily 

the cutting^ S 

this reason® SetbuS ^ 

Ibe low-tempemriire systems. kf^nTiS^^ 


low-temperatere heating is the want of glow in a room 
My house is fitted with tubular heating, and I have goi 
this difficulty of glow in my drawing-room by 
fitting a pamted glass panel across the fireplace repre- 
sentog a river scene, which is well illuminated from 
behmd and is pleasant to look upon. The tiled hearth 
in front is fitted with imitation grass, and flowers are 
ganged on this in suitable bowls. Referring generally 
to tlm subject of tubular heating. I estimate that in 
Edmburgh no less than 36 000 ft. of tubing has been 
mst^ed for v^ous purposes during the past few years. 
We have the followmg numbers of buildings heated by 
tins method: 8 churches, 8 church haUs, H large offices, 
0 dance halls, and 1 cinema. I notice on page 1047 the 
rentiark that it would appear that some form of inter- 
lockmg switch is required in controlling resistance-wire 
convectors. Reference is made in a footnote to a maid 
hrowing bedclothes over a glowing electric fire. I do 
not foUow the connection between these two statements 
and perhaps the author will explain more fully. On 
page 1048 he gives the surface temperatures of tubular 
find that these figures only hold good for 
chromium-plated or other 
bnghtly pohshed surfaces the temperature would be 

instance, the 

60-watt heater with a polished surface has a tempera- 

srf?criL^^r* °“® “ 

seiecring the positions where such tubes are fitted. 

I should like to ask the author how 
^ relative-ejqiansion difficulties associated 

witn tlie paper-embedded wires. 

•^®**“®*®*^* Is any provision made for 
“ .5^® ®®*i?”«-Panel system? Also, what 
ould happen if the ceiling became water-logged? Is 

S^eSg?^®^^ attached to placing electrical elements 

*° electrical heating and 
systems, in my view a great amount of 
Mucarional wrk is caUed for among architects and 
others. Electneal heating received a set-back a num- 
bOT of years ago. When the coal strike was on a num- 
electrical heating, but shortly after 
^ ^ ®®**^®‘^ *®®® gradually went back 

to the ol^r meteods on account of the smaller expense 

rXSt Elec«cal heating presents certain diffi- 

or the engineer contractor, as new ideas are 
^irays bemg put on the market and finaUty never seems 

S?! “®®“® electrical engineer 

S Ms methods every five or six years, and 

with 

». Brassington : While I think we aU agree 
the auteor that a very low unit charge must be 
obtoned if electric heating is to be a success. I suggest 
te *^® electrical schemes which are considered 

fe tte first ^tance are turned down on the grounds of 

high cost of apparatus and of instaUation. A second 

i ^® ^ *^e notice of the 

thor IS that m my area the housewife is able to have 
a ton of coal dehvered to hSr coal-cellar for 18s. What 

to meet this competition? 
f Scotland area and, in fact, all over 
Scotland the tariffs are comparable with any in Great 
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Britain. We have some very low tariffs, but they are 
not low enough. The manufacturer should support us 
by providing lower-priced apparatus. Although I have 
installed tubular heating in a number of halls, churches, 
and local housing schemes (as part of the equipment 
provided by the town council), the apparatus is dear. 

Prof. G. W. O. Howe: I feel that the main stumbling- 
block in the way of the adoption of the ceiling-panel 
scheme outlined in the paper, is its novelty. The idea 
of putting heating elements in the ceiling is so revolu¬ 
tionary that it is bound to take a long time to become 
familiar to people, even when we electrical engineers are 
convinced that it is the right thing to do. A striking 
example of this inherent dislike of novelty is disclosed 
by Mr. Seddon's description of the way in which he has 
tried to replace to some extent the brightness of the 
coal fire, by miniature gardens and sun-lit seascapes. 
I suppose it is the result of an inherited craving for 
something visibly glowing. Certainly nothing looks 
more cheerless and unsatisfying than an empty fire¬ 
place, however warm the room may be. One speaker 
has referred to architects, and they have to be reckoned 
with in every scientific advance that applies in any way 
to buildings. It has needed propaganda to educate 
architects in modern lighting, and at the present time 
they are going through a strenuous training in the 
application of the recent advances in our knowledge of 
acoustics. The paper foreshadows the possibility of 
revolutionary changes in the methods of heating build¬ 
ings, and architects will be faced with many new prob¬ 
lems in this connection. 

Mr. D. W. Low: I am in agreement with the author 
that the tubular heater transmits the largest portion 
of its heat to the occupants of the room in the form of 
convection, and I do not regard his figure of 16*6 per 
cent radiant heat as too low. Tubular heaters well dis¬ 
tributed round the room provide a more uniform tem¬ 
perature and a more economical form of heating than 
individual radiators or convectors, but if short lengths 
of tubular heaters are arranged in groups to form 
radiators all the advantage of tubular heaters is lost. 
Tubular heaters are very suitable for buildings used 
for certain purposes, but their use in dwelling-houses is 
limited owing to their unsightliness. I would not care 
to have my sitting-room surrounded with 2-in. pipes, 
and I think that the ordinary householder would have 
the same objection to the tubular system as he has to 
the exposed pipes in a hot-water central heating system. 
Where the panel system of heating has a great advan¬ 
tage over any other system is that no pipes are exposed 


and the architect has all the surfaces of the room at his 
disposal for decoration; it is not necessary to place an 
iron pipe or cast-iron radiator in the centre of his most 
cherished piece of decorative art. In a Glasgow hospital 
where the new wards are heated by panels in the ceiling, 
and the old wards by ordinary hot-water radiators, it 
has been found that the temperature shown by an 
ordinary thermometer can be at least 5 deg. F. less in 
the former than in the latter, with the same degree of 
comfort; or rather, with more comfort in the panel- 
heated wards, in which there is not that feeling of stuffi¬ 
ness often associated with rooms centrally-heated by 
radiators. As with tubular heating, if the panels are 
concentrated in a few high-temperature groups the 
advantages of panel heating are to a large extent lost, 
and the arrangement then becomes the equivalent of 
a high-temperature-radiator system. I think that in 
the future the heating of large buildings will be done 
by low-temperature ceiling panels with thermostatic 
control. Whether it will be done by electric panels or 
by pipes fitted in the ceiling through which water is 
circulated from thermal-storage tanks, will depend upon 
the electricity supply authorities, as the rates must be 
such as to give the heating engineer a chance of having 
his scheme considered. Realizing that the heat equiva¬ 
lents of coal and electricity do not constitute the only 
factor in the case, but that other important points have 
to be taken into account, we must regard electric heat- 
. ing as an alternative to the more common methods of 
heating by coal, gas, or oil. In view of the large amount 
. of money a fog in a city like Glasgow costs the com¬ 
munity, even after allowing for the extra lighting load 
obtained by the electricity department, I think that 
. there is a large balance which should go to give reason- 
; ably low tariffs for electric heating. The question of 
; tariffs for electric heating should be given immediate 
; and careful consideration by all supply authorities, so 
: that heating engineers may be in a position to know 
: what the heating tariffs are and be ready with their 
schemes at the right time. Otherwise, they may find 
that, owing to delay in arranging tariffs, more chimneys 
i will be erected, thus making the smoke problem even 
‘ graver than it is at present. Have the fire-insurance 
: companies approved low-temperature electric panels in 
. the form of bare wires between what appear to be two 
sheets of press-spahn pressed together and fixed to the 
: ceiling like a ceiling paper ? 

. [The author's reply to this discussion will be found 
: on page 211.] 


Western Centre, at Bristol. 14th December, 1931. 


Mr. W. A. H. Parker; The author's figure of 2 000 
units per annum to cover the average consumption of 
electricity for the heating of a room in a house seems to 
me to be on the high side. 1 am interested in a house 
where most of the heating is done by tubular heaters 
and a certain ^ount of radiant heat is also employed; 
last year the total, consumption of this installation 
worked out at just over 1 000 units per room. The 
author makes a very important point when he mentions 
that thermostatic control of these systems is essential. 


: I believe it would pay to install a thermostat in each 
i room of the house or office. Under ordinary drcum- 
; stances 56® F. is sufficient in the average home, but in 
' offices it may be necessary to keep the temperature 
higher because of the lack of movement of the occupants 
! when working. I was sorry to hear previous speakers 
i decrying the use of electricity for heating, as I believe 
i that there is quite a lot of business obtainable in this 
direction with the price of electricity at about |d. per 
unit. We ourselves have experience of a large office 
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panels being reflected to the floor. This has been refuted 
in a previous discussion*, and it would therefore appear 
that the saving in current compared with, say, tubular 
heaters under windows, must be at the expense of cold 
draughts at these points. In Appendices III and IV 
the actual consumption of a given installation is shown 
as being only one-third of the estimated consumption. 
While tMs discrepancy may to some extent be accounted 
for by casual heat, it suggests that the calculations may 
also be faulty. Mr. A. H. Barker's recent paperf stated 
that the art of radiant heating was to-day in the same 
state as convection heating was 30 or 40 years ago, and 
while appreciating the endeavours of the author and 
Mr. Barker to put the subject on a scientific basis, we 
are at liberty to feel that at present the claims made 
must be accepted with some reserve. It seems to me 
that a combination of heating methods will be found to 
be most effective in the long run. With regard to the 
author's advocacy of continuous heating, this question 
surely depends on the use to which the building is put. 
Presumably he would not advocate the continuous 
heating of churches, and as schools are used only for 
40 hours a week, why heat them for 168? The tempera¬ 
ture of the rooms can be raised to the required value in 
two or three hours at most, and even if the running hours 
are thereby increased by 60 per cent they are still only 
40 per cent of the possible number. At the discussion 
before the InstitutionJ Dr. Ekstrom confirmed this by 
^ving figures from tests in which a 40 per cent saving 
in consumption was obtained by switching off from 
6 p.m. to 7 a.m. Provided that the supply authorities 
do not insist on a 24-hour load for a heating rate of Id. 


or less per unit, there appears to be no reason for the 
additional consumption. I fuUy endorse the claim made 
by the author that electric heating is usually in every way 
an economical proposition, and is undoubtedly the most 
efficient. But, I agree, thermostatic control is essential, 
Mr. W. Moffat: I should be glad if the author would 
state at what surface temperature the low-temperature 
radiant panels would work when embedded in plaster. 
In view of the fact that they are embedded behind 
plaster and any renewals would mean cutting away a 
portion of the ceiling, it would be interesting to know 
the life of the panels. As regards floor heating, Liveri)ool 
Cathedral is heated in this way by an installation 
designed by the firm with which I am connected. The 
temperature a few inches from the floor is 60® F. and 
100 ft. above the floor-level it is 58J® F.; the temperature 
at the floor itself does not exceed 72® F. The uniformity 
displayed by these figures appears to be an argument 
for floor as opposed to ceiling radiant heating. 

’Mr. W. Hill: With regard to ripple control, is the 
author of the opinion that this system will operate sati.s- 
factorily when aU the supply authorities are connected 
to the grid "? It seems to me that we might easily 
get our mains overcrowded with ripples in the same 
way as the atmosphere has become overcrowcled with 
wireless waves. I should be glad of some further par¬ 
ticulars of the ceiling-paper panel, as it seems to a 
very cheap and simple form with which the uninitiated 
may make experiments. 

[The author's reply to this discussion will be found 
on page 211.1 


East Midland Sub-Centre, at Loughborough, 9th February, 1932. 


Mr. F. S. Grogan: In my opinion the author is not 
entirely impartial when comparing the merits of the 
various systems of electrical heating. He is certainly 
unjust to the heating of buildings by electric fires and 
tubular heating systems, and he rather overstates the 
case for low-temperature panel systems. I have sum¬ 
marized Table 4, taking the higher value where two are 
given, and have allocated to the A, B, C, and D classifica¬ 
tions marks of 4, 3, 2, and 1 respectively. The results 
are: low-temperature embedded ceiling panels 41 marks; 
mdiant lamp heaters 36; and electric fires, tubular 
heaters, and high-temperature panels all equal at 33, 
The author awards too many '' A's " to low-temperature 
panel heating. His results are quite wrong for radiant 
lamp heaters, which are now almost entirely superseded 
by electric fires and tubular heating. There are many 
mousands of electric-fire and tubular-heating installa¬ 
tions operating to-day to the entire satisfaction of the 
user from eyery aspect. Their capital and maintenance 
costs are small, and running charges are low where the 
electacity supply tariff is favourable. Flexible cords 
should not fail at the point of entry if suitable terminals 
are arranged. For such connections I have recently em- 

pl<^^ enamelled wire suitably insulated with braided* 
and impregnated asbestos. Reference is made to the 




possibilHy of the heating coils in tubular heaters making 
contact with the metal wall of the tube. My comment 
upon this is that if proper methods of construction are 
adopted it is impossible for the heating element to bum 
out under any practical conditions. I have here a 
section cut from a 10-ft. lengtii of tubular heato; the 
resistance wire is of the same composition as that used 
in an electric fire operating at 1 8.00'’ F.. and normaUy 
when loaded to 66 watts per foot run the resistance 
•wire is oiily at a black heat. I cannot see how such a 
construction could deteriorate even after 60 years’ 
s^ce. and in any case every tubular heater throughout 
the S 3 rstem should be efficiently earthed. Refemng 
to Fig. 2, I must take exception to the statement that 
tte mverse-square law only applies to radiant emissions 
om ^ a point source. As the panels cover a com- 
p^tively small area compared with the total floor area, 
the mtenaty of the radiant energy must decrease 
approxmmtely as the square of the distance from the 
source. The early experiments of TyndaU showed that 
th^ost mW heat is not found in the most luminous 
portion of the ^ctmm. A body at low temperature, 
say less tliM the boiling point of water, eiSts non- 
lummous ration. This emission of dark heat increases 

^ temperature of the 
h^ted body. For instance, if the heated body is made 

S heat it will throw out 

27 times the radiant heat emitted at a low temperatiire. 
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and when approaching an orange temperature 60 times. 
The majority of this heat radiation is beyond the range 
of the visible spectrum. In other words, the higher the 
temperature of the heating source the greater is the 
proportion of radiant energy emitted compared with the 
heat conducted away. In all conversions of electrical 
energy to heat energy the efficiency is 100 per cent, 
but a very marked difference is obtainable according to 
the design of the heating apparatus and the resulting 
surface temperatures which heat the building. The 
author makes a great claim, especially in Fig. 19, for 
panel heating by radiant heat, and I should like to know 
how he can justify this claim in the face of scientific 
records which show that only a small percentage of the 
total energy can be emitted as radiant heat. Some years 
ago I proved in practice that the substitution of a 
2^-kW fire having a 70 per cent output of radiant 
heat saved for the electricity supply undertaking a 
heating consumer who would otherwise have ceased to 
take electricity for heating purposes through an older 
type of electric fire consuming 3 kW. Later experience 
has proved to me that the loading with a tubular heating 


I maintain—^in spite of the author’s recommendation of 
continuous heating over the 24 hours—^that this is the 
more economical procedure, because it eliminates the 
heat losses during the night, which obviously are higher 
than during the day. Such an estimate of the loading 
of the tubular heating system should be based strictly on 
the heat losses of the building in question, and. not upon 
the rule-of-thumb process of allowing a fixed number of 
watts per cub. ft. As the author shows in some cases, 
the watts per cub. ft. may be quite a small fraction of 
unity, whereas in other cases, such as an up-to-date 
school with ample glass area on both sides, the watts 
per cub. ft. often amount to as high a figure as 1 • 6. For 
such a school the consumption should probably be based 
on from 60 to 66 per cent of the working hours operating 
at full load. For large buildings equipped with ceiling- 
panel heating systems the author claims a very low 
figure of watts per cub. ft., if thermostatically-con^olled 
continuous heating night and day over the heating 
season is adopted. Much greater loadings on other 
systems will produce almost a 60 per cent saving in 
annual running cost, however, as I hope to show later. 


Source 


Temperature of source 


Electric fire .. .. .. 

High-temperature non-embedded panels 

Tubular heaters. 

Low-temperature non-embedded panel.. 
Low-temperature embedded panel 


1 800 

600 to 660 
200 to 250 
100 to 160 
80 to 86 (nominal), 
and up to 120 


Watts per sq. ft. of 
heating surface 



Number of sq. ft. of 
heating surface 
perkW 

Capital cost per kW 

0*18 

shillings 

’ 10 to 70 (approx.) 

1*8 

65 

6 to 9 

44 

12*6 

200 

40 



system can be some 25 per cent lower than would be 
installed for electric fires in the same room. The chief 
difference is that in cold weather at least an hour must 
be allowed for the tubular heating system to bring the 
temperature of the room to a satisfactory figure, whereas 
in the case of electric fires the sensation of warmth 
experienced when switching on is almost instantaneous 
because of the amount of heat thrown off as radiant 
energy. It is well known that glass will absorb heat 
radiated froni low-temperature bodies and will transmit 
some of the radiant energy emitted from heating sources 
at luminous temperature, but this cannot altogethejr 
account for the extravagant claims in favour of panel 
heating, because it is not necessarily only high-tempera¬ 
ture radiation which is associated with the electric fire. 
While a yery small proportion direct from the source 
may radiate through the glass, the majority strikes the 
walls, furniture, and people in the room, and is then 
converted into heat and radiated away from these bodies 
at low temperature. This picture of the distribution of 
heat from an electric fire explains why in large buildings 
where numbers of people congregate another system of 
heating is necessary. For such buildings T have found 
the tubular heating system effective and economical, 
provided thermostatic control is employed. Under 
ordinary conditions a fair estimate of the anhua! con¬ 
sumption* is provided by taking one-third of the working 
hours during the heating season operating at fiull load. 


Over the last 18 weeks two similar sets of rooms in a 
school of the type to which I have referred have been 
tested for consumption figures as between the high- 
temperature panel and the tubular heating systems. 
Over part of the period there was little difference in the 
units consumed, but up to date there is a slight difference 
in favour of high-temperature panel heating. Referring 
to Table 7, I do not think that even for the purpose 
of calculation the author should deliberately reduce his 
loading for the room in question by taking only 26 per 
cent of the full air losses. If the room is to be properly 
heated sind ventilated the air losses must be identical in 
the two cases. If he can establish his facts, however, 
the economy in loading should be taken as a percentage 
off the total heat losses. I have no experience of the 
radiation thermostat, but for general purposes I should 
prefer the ordinary thermostat operated by the tempera¬ 
ture of the room. Turning to Appendix II, the fact 
that the maximum load is only 8 kW for a connected 
load of 20 kW suggests that a loading of about 16 kW 
would be ample, and for such a block of offices full load 
for one-third of the working hours (i.e. 10 hours per day 
for 212 days) would give a consumption of 10 600 units, 
which is 33per cent less than the units shown for the 
24-hour method. Referring to Appendix VI, the figures 
given in the last column are very much open to question; 
the variation being so vast, they can serve no useful 
1 purpose. If the operating costs shown in Appendix VII 

14 
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represent continuous heating over the 24 hours, it helps 
me to prove that in spite of the low figure of watts 
installed the consumption is excessive. If tubular 
heaters loaded to 1 800 watts had been installed, the 
daily consumption for a 30-deg. rise—even if we allow 
14 hours per day for a dining-room, which is on the high 
side—-would be (1*8 kW x 14) -f- 3 == 8*4 units per 
^3,y, against the author's average figure of 16'9. The 
approximate figures given in the table on page 1062 
show that the capital cost per kW installed must 
grow to a very high figure if excessively low tem¬ 
peratures are to be employed at the heating source. 
According to Appendix IX, the fixing of panels in the 
ceiling costs £18 per kW, as against which figure the 
installation of tubular heating costs only about £4 per 
kW, including the wiring and switchgear. I - ^TiinV the 
author has failed to establish his point that low- 
temperature panel heating is much more economical than 
tubular heating. Tests made by the late Mr. Dowsing 
20 years ago showed that whilst non-luminous heaters 
gave a normal temperature up to 6 or 6 ft. from the 
ground-level, temperatures of the order of 70® F. were 
obtained at the ceiling-level. Why, therefore, go to the 
expense of ceiling-panel heating when by the installation 
of tubular heaters at correct surface temperatures and 
suitably placed we can get the whole of the ceiling to 
operate as a low-temperature panel heater at a greatly 
reduced cost? 

Mr. W. L, Webb: I am glad to find that the author 
favours luminous radiators. In my own house I have a 
luminous lamp radiator with three lamps and a 3-kW 
heater, which I find very satisfactory; in the summer 
the luminous lamp radiators are used alone, and in the 
winter months additional heat is obtained from the 
radiatorbars. As regards thermostatic heating of rooms, 
one maker advocates putting the thermostat near the 
door, and another putting it where the heat is emitted. 

I noticed recently that thermostats were placed at the 
entrance of a picture gallery and there was a great 
ymation of temperature in the building. It would be 
inter^tmg to know the number of thermostats one 
should use for a room of large cubic content, and also the 
correct position for these. Regarding radiant heat, in 
the ^boretum at Derby there is an open-air aviary in 
which the mortality of the birds was very high due to 
the cold nights. We fixed at the back of the perches a 
lumnpus heating panel the dimensions of which were 
about 3 ft X 1 ft., ^d since this was done none of the 
birds has died. 

tlie paper has been criticized 
trom the point of view of mrai interested in different 
Sf ® rather than from that of the question 

wheth» th«e IS a big field for electrical heatinl The 
themal storage says that, irrespective of the 
m^ciency r^tog from the loss of heat in the pipes, he 
rT cheaper because he can teL the 

r^^* off-peai load prices. The tubular-heating and 
^tor^thusi^ says that the author must have an 
is tn Ka pand-heating system before if it 

Sil? ^£ wvT*- 7^' supply engineer maintains 

the ''grid" at 
unitihe is & g 
lose money on a building which is heated by panels. 


Undoubtedly low-temperature embedded-panel heating 
from hot-water installations fired by oil fuel has made 
great strides, and must therefore have considerable 
merit. Has the author any comparative costs of heating 
a building with low-temperature panel heating by hot 
water, and low-temperature panel heating by electricity? 
He points out the well-known fact that the thermostat 
which he is using is suitable only for a.c. circuits, but 
I should be glad to know what alternative he would put 
forward in the case of a d.c. supply, 

Mr. J. F. Driver: Some years ago tubular heating 
was installed in eight classrooms at the College, Lough¬ 
borough, and the installation has been a great success. 
We are now equipping a hall of residence for 90 students 
as an all-electric building. All the rooms of this building 
are electrically heated, and cooking and water heating 
will be done by electricity. The total load will be of the 
order of 400 kW. I am particularly interested, therefore, 
in the " electric ceiling paper " described by the author. 
If low-temperature panels are used, is it necessary to 
switch on a long time before the room is occupied ? 

I have at home a room which is heated by tubular 
heaters, with a radiant fire for boosting; even when the 
outside temperature is very low the room .becomes 
comfortably warm within 10 minutes of switching on. 
While I appreciate that gradual heating is satisfactory 
where rooms axe used every day, in the average house 
there are casual ” rooms where heat is only required 
at week-ends or at irregular intervals. In such rooms 
it is desirable to be able to produce comfortable conditions 
quickly. From long personal experience I can say that 
in clean houses where a vacuum cleaner is regularly 
employed, tubular heaters do not blacken the walls 
wi^ dust. The author appears to get a good emciency 
mth his panel heating by stuffing up all the cracks in 
the room and reducing the number of air changes. I 
cannot agree to this. A great advantage of ceiling 
heating is undoubtedly the fact that it does not interfere 
w^ furniture and involves no danger of scorching 
fabnes. Will the author give his views regarding 
the suggestion to fix tubular heaters at picture-rail 
height ? By fitting " dummies " it should be possible 
to make the tubes harmonize with the general scheme 
of decoration. 

Mr. L. M. Jockel: I strongly support the author on 
the q^tion of toifis (page 1046, vol. 69). Forty years 
ago the late Dr. Hopkinson showed that electricity should 

possibly. Uke the 
. Feix^ti, Hopkinson was about forty years in 
^vsmee of his toe. Engineers have in the interval 
developed complicated scientific methods of charging, 
wher^ d dwelopment is to proceed rapidly it is 
rasento timtsunple and easily-understood 2-part tariffs 
sho^d be adopted. Recently I had to install an electrical 
heatog system m two offices heated by coal fires but 
fires for occasional nsef I decided to 
mstall tubula^ convection heaters with a loading of 

obtete^Th® o* space was 

^ father high, but it 
^ven sattoction. and I should like to ask whether 
the figure of J watt per cub. ft. of space which the 
author quotes IS not too low in general practice with 
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thermostatic control. I suggest that about 1 watt 
per cub. ft. of space is safer, ^though I know how 
difficult it is in heating work to decide on a definite 
figure applicable to all cases. The author mentions the 
triple-tarifi meter of the Compagnie Parisienne de 
Distribution d*filectricit6, and I should welcome further 
information regarding triple tariffs, as they might be 
useful as a temporary measure until British supply 
engineers are able to agree on some simpler form of 
tariff. 

Mr. B. Gill: I should like to,support the author’s 
claims regarding the superiority of the low-temperature 
ceiling-panel S 3 rstem of electrical heating. A good 
electrical heating installation offers a much higher 
standard of comfort than that provided by other types 
of heating S 3 rstems, due to the even temperature control 
which it provides. At Jd. per unit the cost of heating a 
house in this way is not more than £3 to £4 greater 
than that of heating by coal. After my experience of 
low-temperature electrical heating I would never go 
back to coal-heated rooms if cheap electricity were 
available. 

Mr. D. M. Duncan: I disagree with the author 
regarding the relative merits of continuous and inter¬ 
mittent heating (page 1069, vol. 69). He infers that once 
the building has been heated up only a few units per day 
are required to maintain the d^ired temperature. In 
his analogy of the loaded truck he loses sight of the fact 
that more energy is required to push the truck up a 
hill than along the level; in the case of the heating 
installation this means that the system must be capable 
of heating the building on a sudden cold day, when more 


heat units than usual would necessarily be required. 
The heat losses through walls, glass, etc., vary with 
changes in the outside temperature. Although the 
weekly consumption varies owing to outside temperature 
changes, the author’s theory does not apply in one single 
instance to the guaranteed figures for the running costs 
of tubular and other systems of electrical heating to 
which I have access. In his analogy he may be referring 
to buildings specially insulated with a 3-in. layer of 
cork, but such buildings are very hard to find. If I 
informed, a prospective consumer that after first heating 
up the building only a few units per day would be required 
to keep the cold away, after a year’s working of the 
installation I should probably have to meet a very 
enraged consumer. In many cases it is impossible to 
use panel heating with success. For instance, where one 
requires heat for the total volume of a building with 
guaranteed variations of ± 1 deg. F. at 70® F. to enable 
expensive machinery to operate with success, the radiant 
method would be useless owing to the fact that it would 
give rise to “ hot spots.” I have experienced inferior 
heating with ceiling panels owing to a restricted area 
only being heated; outside that area conditions are very 
uncomfortable in such cases. My experience of many 
forms of heating inclines me to the view that a high 
efficiency is obtained with the tubular S 3 ^tem combined 
with a modified form of panel heating. A system 
which is satisfactory when applied to one particular 
building may be a failure when installed in another. 
The capital cost of panel heating is 3 to 4 times that of 
tubular heating, but when combined the two systems 
give good results. 


The Author’s Reply to the Discussions at Newcastle, Leeds, Birmingham, Glasgow, 

Bristol, and Loughborough. 


Newcastle. 

Mr. R. Grierson {in reply ): In reply to Mr. Jewsbury, 
we have obtained very satisfactory results with the 
” SatchweU ” thermostat in rooms warmed by the low- 
temperature ceiling-panel system. In actual practice a 
room ” constant ” is obtained which connects the condi¬ 
tion of comfort with a definite setting of the thermostat.. 
It is possible that the eupatheostat type of thermostat 
may maintain conditions slightly more perfect than those 
obtained with the SatchweU thermostat, but they intro¬ 
duce the complication of relays and additional wiring, they 
are more costly to install, and their ability to maintain 
a condition of comfort remains to be proved. Regarding 
the figures given in Appendix X, I note that Mr. Jewsbury 
questions the costs of the hot-water panel thermal-storage 
system, but he does not put forward alternative figures. 

I think it wiU be generally agreed tjiat Mr. Clothier’s 
contribution to the discussion is a most valuable and 
helpful one. The coUection and publication of reaUy 
reliable data relating to consumption and cost are of 
vital iniportance to the industry, and I aim hopeful that 
either the Institution, the Electricity Commission, or 
the British Electrical Development Association will take 
this taik in hand immediately. Architects and coh- 
sufiiers all appreciate the advantage of *5 domg it elec- 
tricaily,** and fear, bf the cost is the obstacle to be 


removed before marked progress can be made with 
domestic electric heating work. In regard to the value 
of the heating load, I would refer Mr. Clothier to Figs. G, 
H, and J in my reply. Mr. Clothier examines the mul¬ 
tiple-earthing problem at some length, and then arrives 
at the conclusion mentioned by me on page 1061 (vol. 69). 
Regulations are only made to prevent abuse and danger, 
and I feel that the time is ripe for the Electricity Com¬ 
mission to review the Regulations concerned. If they 
are satisfied that the risk of danger is negligible, then 
these Restrictions should be removed forthwith. 

I cannot understand Mr. Carr’s reason for opening his 
remarks on the pessimistic note, and reminding us that 
the efficiency of the turbo-alternator is 24*6 per cent. 
The other aspect of the situation is equally true and very 
much more to the point, i.e. that the cost of good house 
coal is 48s. per ton in the London suburbs, that space 
is required to house it; and that labour is required to 
transport it from the coal store to the coal scuttle and 
eventually to the fire. Ashes require to be removed, 
grates to be cleaned, chimneys to be swept, and rooms to 
be dusted. Has not Dr. Margaret Fishenden shown* 
that the radiant efficiency of the coal fire is from 17 *5 
to 26 per cent, that direct convection heating accounts 
for less than 6 per cent, and that these values indicate 
♦ See Bibliography (8). 
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^ aggregate efficiency of from 22 • 6 to 30 per cent ? On 
the other side of the picture, I am informed that a 
reasonable price for the coal burnt by the average power 
station is approximately 17s. per ton delivered in the 
tumaces. It should be unnecessary for me to labour 
6 point further in order to indicate the possibilities of 


on this aspect of the subject in paragraph 8 of Section (2), 
in Tables 7 and 8, and in Appendices VIII, IX, and XI 
of the paper. If I were calculating the heat loss of the 
building in question, I should figure the heat losses on 
the basis of an air change equal to 60 per cent of the 
cubic content for a low-temperature ceiling-panel 






electric heatmg under thermostatic control. In request¬ 
ing me to give v^ues for the normal window area for 
the control room of a power station, I thinir Mr. Carr 
h^ overlooked the fact-ldiat the paper purports to deal 
with the electrical heating of buildings and not with the 
axcldtectural design, of power houses. Regarding the 
method of calculating the heat losses for any given 
building, I was hopeful that I had indicated my views 


system, and for an air ch^ge equal to twice the cubic 
content for a convection system. It should be clearly 
noted that whichever system is adopted, natural 
air change would he in no way interfered with, 
entirely depends on the method of construction, aspect, 
wortoanship, etc. Unfortunately Mr. Carr has omitted 
to state the thickness of the e3q)osed wall, the tempera¬ 
ture maintained on the otiier side of the interior wall, the . 
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type of floor construction, and whether it is on the earth 
or if there is a warm or cold basement below it, details 
of the ceiling construction, and whether there is a warm 
or cold room over or whether it has a flat roof, and if the 
latter, whether it is insulated. Mr. Carr states that he 
has obtained the loading of 68*8 kW by employing the 


mentioned by Mr. Carr, and the constants naturally 
vary. If he will forward me a plan of the building I 
will have the heat losses communicated to him. 

Mr. Richardson is also in pessimistic mood without 
disclosing any good cause or reason. He complains that 
I have avoided any detailed comparisons, but I feel 





Fig, H. —Graphs showing hourly variation of the outdoor tenmerature and the corresponding heating load. (See also 
pages 1069,1070, and 1071, and Figs. 16 and 17, for the effect of casual heat in flattening the total-load curve.) 

Curve A:— ^T^an outdoor temperature. Curve B;—Theoretical load (as percentage of kW) to maintain 60*F. indoors. Curve C: ^Estimated 
load (as percentage of kW) allowing for casual heat, but excluding the effect of thermal storage of the structure. 

(See also page 216, coL 2, for method of construction.) 


constants givca on page 1088 (vol. 69). Had Mr. Carr 
studied the details of construction of the room in ques¬ 
tion (given on page 1087, vol. 69) he would have seen 
that the exterior vsralls are 9 in. brick, the interior walls 
are in. brick, the floor is 1 in. boards on joists, the 
ceiling is lath and plaster on wood joists, and the total 
content is 1 636 cub, ft. Such constractibn would 
scarcely be suitable for the volume of 98 000 cub./ft. 


that ?iiy reply to Mr. Carr justifies the course I have 
adopted. As I stated in my reply to Mr. Skinner, my 
object in writing the paper was to indicate the very 
large market available for the sale of current, and in my 
reply to Mr. Fraser I have stated that my object was 
to induce all electrical engineers to try out for them¬ 
selves the modem t^es of thermostatically controlled 
equipment. I cannot but feel that it is early days to 
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endeavour to decide the argument of the thermal 
storage versus the direct system, because the former is 
most definitely in the experimental stage, and I am 
informed that one firm lost several thousand pounds 
on one installation alone. Clearly the cost of such an 
installation is not the contract price but the actual cost 


my fairly extensive experience of this aspect of the 
problem, I have no hesitation in stating that there is no 
index room in any building, and I would point out, once 
again, that each degree Fahrenheit maintained in excess 
of the desired temperature represents an addition of 
6 per cent to the cost of energy, for so long as it is main- 
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to the contractor, for repeat orders would hot be taken 
at the same price. On the other hand, if experience 
shows that mass production of the boilers and all the 
automatic gear can be proceeded with, then the cost 
^ the thermal-storage system may fall considerably. 

Richardson also mentions the possibilify of cbn- 
trollihg^ the temperature of the whole building from one 
which can be regarded as ah index room. From 


taihed. I would also refer Mr. Richardson to Table K) 
(page 1068) to indicate the difficulties experienced in 
finding.the centcul room to which he refers, 

Mr. Garter has ahal 3 rsed the operatinjg principle of the: 
SatchweU thermosta.t bn a.c. circuits. The important 
principle is that the contact lever is practically in an 
unstable sta^e of equilibrium and merely has to topple- 
over to make and to break alternating currents of the? 
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order of 10 to 16 amperes at 230 volts, so that the 
operating force required is exceedingly small, and the 
accuracy is relatively high. The small travel necessary 
to effect the ** make'' and break is also an immense 
advantage in securing close differentials. 

Leeds. 

I would agree with Mr. Skinner when he expresses his 
preference for high radiant temperatures and low air 
temperatures, if such a condition could be proved to be 
practicable. The only method whereby such a condi¬ 
tion can be provided is to remove the whole of the 
convected heat that is produced, and, as Dr. Parker 
Smith has shown,* the radiant efficiency of the electric 
fire averages 66 per cent. The other objection is the 
difficulty experienced in efficiently warming the entire 
floor area by means of high-temperature radiant 
sources. Heat shadows are formed, and the inverse- 
square law is effective to a very marked extent, with 
the result that the only comfortable area of the room 
is that included in what I have termed the “ magic 
circle." In other words, it is necessary to " sit round 
the fire." If Mr. Skinner proceeds with his experi¬ 
ments with the bowl fires fixed near the ceiling, he 
will observe the formation of the well-known convection 
dust patches—inseparable from all forms of convection 
warming—on the ceiling, and he will find that the cost 


so he has overlooked the fundamental law of experimental 
work, which is to remove all but one variable quantity. 
The parallel case is the comparison of the cost of living 
of the poverty-stricken man and of the man in receipt 
of a comfortable income. The former may regard an 
annual food bill of from £26 to £60 as being satisfactory, 
while the latter would maintain that he could not exist 
on anything under £260 to £500, yet they may both be 
of the same weight and height. Both men would be 
right, they merely differ in their point of view regarding 
cost, quantity, and quality of food. Mr. S kinn er has 
employed the figures contained in Appendices V and 
VI in a way that I did not intend them to be employed. 
My object in publishing these figures was to indicate the 
very large market available for the sale of current and, 
moreover, the sale of current in comparatively large 
blocks. His conclusions, however, coincide with the views 
that are beginning to form in my own mind^ i.e. that, to 
be comparable, all items being taken into account, the 
restricted-hour rate for thermal-storage systems must be 
of the order of 26 to 33 per cent of the " on tap " rate. 

The experimental results obtained by Mr, Wilkinson 
regarding air and radiant room temperatures for an 
equal degree of comfort coincide with the views now 
very generally accepted. Mr. A, H. Barker* has 
attempted to tabulate these values in the following 
way:— 


Radiant and Air Temperatures, 


Radiant temperature, ® F. 

52 

54 

56 

68 

60 

62 

64 



70 

72 


76 

78 

80 

Air temperature, ® F. 

72 

70 

67 

65 

62 

60 

58 



61 

46 


43 

40 

38 


of maintaining a white ceiling is excessive. Again, if in 
the larger rooms several fires are distributed about the 
room, in order to eliminate the heat shadows, and so to 
secure a moderately even distribution of the radiant 
warmth, it will be found that the loading is out of all 
proportion to the cubic content. One further objection 
is the feeling of nausea produced when high-temperature 
radiant-heat rays are allowed to play on the back of the 
body. The rays penetrate the clothing quite readily, 
and experience has proved that it is not possible to sit, 
with any degree of comfort and for any length of time, 
within a distance of 6 ft. of a wall panel operating at a 
temperature even as low as 100® F. The figures given 
in Appendices V and VI are for net cubic content, i.e. 
the net internal dimensions of the warmed space. Those 
who have had experience of intermittent and of thermo¬ 
statically-controlled continuously-warmed rooms will 
agree that the former method merely mitigates the sense 
of discomfort, while the latter, if the installation is skil¬ 
fully planned and controlled, provides a sense of comfort 
that must be experienced to be appreciated. Mr. 
Skinner attempts to compare the cost of energy for an 
intermittent type of heating installation viiih the cost of 
energy for a contmuous, thermostatically-controlled t 3 rpe 
of installation, to the detriment of the latter. In doing ; 

* Tbe Ra^ant Effici^cy and Heat Distiil^ution of Electric Files.” Journal 
/.E.E*, 1980, VbL 68, p. ^n. ; 


I think that Mr. Wilkinson has drawn the wrong 
conclusion when he refers to a loading of 230 kW in a ‘ 
church: Such a case is exceptional and is solely due 
to the intermittent form of heating that has been adopted 
for riae building in question. The parallel case is the 
very large water tank that is only used occasionally. 
The tariff offered induces the consumer to fill it in the 
minimum of time, just before it is required for use, so 
that very large pipes are necessary. If the tank is reason¬ 
ably free from leakage, the time of filling could con¬ 
veniently be arranged to occupy a much longer period, 
and the leakage to be made good would call for a much 
smaller pipe. Mr. Wilkinson describes experiments with 
cast iron as a medium for thermal storage, but the heat 
emitted must be,almost entirely of the convected type, 
and the equipment must be bulky and of considerable 
weight, so that its application must be restricted to a 
marked extent. Similar appliances based on the use of 
(I think) soapstone and similar minerals have also been 
described. 

Mr. Fraser is on very sound ground when he advises 
progress with caution. My object has been to induce all 
electrical engineers to abandon the old and entirely 
incorrect ideas regarding the relative costs of heating 
by coal, coke, gas, oil, and electricity—^based solely on 

♦ ‘‘The Principles of Calculation of Low-Temperature Radiant Heating,** 
TrdtmftlKits of ihc JnstilfUionj}/ Heating and Vantilating Engineers, 1981, voL 80. 
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the calorific values and on the costs of the raw materials 
—^and to try out for themselves the modem types of 
thermostatically controlled electrical heating equipment. 
If we can only convince ourselves first, we shall experi¬ 
ence very little trouble in convincing the general public 
regarding the commercial practicability of electrical 
heating. They appreciate the advantages, and the fear 
of the operating cost is the only obstacle that remains to 
be surmounted. The heavy loadings of the type of 
installation to which Mr. Fraser refers will prove difficult 
to handle in many areas of supply where good progress 
has been made with electric cooking, as the first cooking 
peak occurs between 7 a.m. and 9 a.m. There is no 
question at all that tens of millions of units could be sold 
for the purpose of warming elementary schools, and there 
is no question that this is an attractive load, as the 
thermal-storage capacity of the structure and the con¬ 
tents, and the casual heat of the occupants, permit 
the current to be switched off 1 to 2 hours before the 
school closing time. When travelling down from Scot¬ 
land recently the steam-heating pipe coupling between 
the second and third coaches blew out just after leaving 
Carlisle. Although the outdoor temperature was 38® F. 
the temperature in the train was well maintained until 
we reached Crewe 3 hours later. This is an interesting 
and unexpected proof of the thermal-storage capacity 
of a structure, and the effect of casual heat and insula¬ 
tion, in maintaining the desired temperature. 

I am not convinced that humidity has the effect on 
comfort that Mr. Logan suggests, and unfortunately 
he has not included figures either for the relative 
humidity or for the wet-bulb readings, taken during 
the^ periods to which he refers. Personal observation 
indicates that the relative humidity indoors is remark¬ 
ably constant in continuously warmed and adequately 
ventilated buildings, notwithstanding considerable varia¬ 
tions in the outdoor conditions. I am inclined to 
question the temperature actually maintained in the 
room referred to by Mr. Logan, or possibly the Ideation 
of the panel surface in relation to the exposed surfaces 
of the structure—in other words, whether the radiant ■ 
'*coldth*' was adequately negatived or compensated 
for. In the event of Mr. Logan's contention being 
proved to be correct, with a thermostatically controlled 
system it is a simple matter to set the room thermostat 
up 2 or 3 degrees during the prevalence of the unusual 
conditions. Mr. Logan's reference to the coat-drying— 
or rather, the non-dr 3 dng—episode is interesting. If he 
observes a pavement on a damp day he will note that it 
remains damp so long as the sun is obscured by clouds. 
Immediately the first ray of sunshine breaks through 
the clouds, the pavement dries as though by magic— 
owing to the radiant heat of the sun. Mains engineers 
have also for many years been acquainted with the effect 
of fault currents and of the resultant soil heating on 
pavement drying, but have probably not realized the 
fact that the phenomenon is simply one aspect of low- 
temperature pand heating. So far, no labour difficulties 
have been experienced in connection with the new forms 
of heating equipment, and none is contemplated. The 
erection of a lift is an example of work by a composite 
tradesman. He fixes the steel guides, puts the car 
together, hfts the engine into position, and wires up the 


controller. The new thin Dulrae " is ignitable when 
it is isolated in air, but when it is fixed to a plaster 
ceiling or to a cement-asbestos board it can be regarded 
as non-ignitable, because the access of air, which is 
required for ready combustion, is restricted. The 
application of a blow-lamp to the finished ceiling will 
char a hole in the material but general ignition will not 
ensue. I have no information which would indicate 
that exposure to high-temperature ceiling panels may 
cause a condition approximating to sunstroke, but from 
experiments that I have carried out with both types I 
find the low-temperature type preferable (see also my 
reply to Mr. Skinner). Following Mr. Fraser's reference 
to Fig. 16, and in order to explore further the inversion 
of the ordinary load curve, I have prepared the graphs 
shown in Figs. G, H, and J from the data given in 
Table 6 (page 1061, vol. 69), for the months of September 
to May, inclusive. Graph A shows the hourly variation 
in the outdoor temperature from midnight to midnight, 
while graph B represents the theoretical heating load 
curve of a dark and empty shed constructed of thin 
sheet metal (i.e. a structure having no casual heat, no 
thermal-storage capacity, and maximum heat trans¬ 
mission through the walls). The data for the graph 
have been calculated by ascertaining the difference 
between the outdoor temperature (at the various hours) 
and the assumed indoor temperature of 60® F., this 
being a mean of 63® or 65® F. for sitting-rooms, offices, 
etc., and 65® F. for corridors, bedrooms, etc. It has 
then been assumed that the average heating installation 
will be designed for a 30-deg, F. rise of temperature 
(30® to 60® F.), and the difference between the assumed 
indoor temperature and the actual outdoor temperature 
has been plotted as a percentage of 30® F. Thus, from 
Table 6, the outdoor temperature on September 1st, 
between the hours of midnight and 1 a.m., is 64® F., 
or 6 deg. F. below the desired indoor temperature of 
60® F., so that the theoretical heating load is 6/30ths or 
20 per cent of the maximum. This value of 20 per 
cent is therefore plotted on the midnight ordinate. In 
the graphs for October to April inclusive I have intro¬ 
duced a third curve (C), which is an attempt—and only 
an attempt—^to indicate the effect of casual heat intro¬ 
duced by the occupants of the rooms, artificial lighting, 
the radiant heat of the sun, cooking, hot water, etc. In 
other words, graph C purports to show the probable 
shape of the heating load of the individual building, 
allowing for casual heat, but there still remains to be 
considered the effect of the thermal-storage capacity of 
the structure and the contents, and also the diversity 
created by the operation of thousands of thermostats 
controlling loads of the order of from 1 to 3 kW. 

I note that Mr. Longman is intrigued with the possi¬ 
bilities of thermal storage, but I would impress upon 
him the necessity of studying the actual loadings as 
well as the shape of the load curves. . . 

A study of the curves in Figs. G, H, and J may 
enable Mr. Dundas to take a more optimistic view of the 
" on tap'' heating load under thermostatic control. 
Experience indicates that rqillions of units could be sold 
each year if rates of the order of 24 units per shilling 
could be . quoted for the day load, and from 30 to 36 
umts per shilling for the night load, for thermostatically 
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controlled heating loads on tap 24 hours per day through¬ 
out the year. At rates of the order of 16 and 24 units 
per shilling respectively, the load can be developed, but 
progress will not be rapid. 

Mr. Jenkins expresses the opinion that the smell and 
stuffy feeling associated with central-heating systems 
are due to the excess of humidity set up by a high- 
temperature installation. Several speakers at the 
E.D.A. Conference, which I addressed on the 24th 
March, mentioned that they considered that the tubular 
heaters operated at an excessive temperature, and stated 
that when switched on, after standing for a day or so, 
smoke could be observed ascending from the tubes, due 
to the decomposition of the dust that had settled upon 
them. These statements confirm the views of several 
investigators regarding the objections to high temperature 
surfaces that I reprinted on pages 1066 and 1067 (vol. 69). 
Regarding the question of humidity, the capacity of air 
to absorb moisture increases with increasing temperature, 
as shown in Table A. 


per day, are a few of the necessary “ luxuries ** of 
modem life. The potential market for the sale of 
electric heating units is very much larger than Mr. 
Wells mentions. There are at present some 650 autho¬ 
rized distributors of electrical energy. If only 600 will 
decide each to obtain 600 electrically heated rooms in 
their respective areas—600 buildings of one room each, 
or 260 buildings of 2 rooms each, or 100 buildings of 
5 rooms each—^the total will be 260 000 rooms. The 
consumption will probably average 2 000 units per 
room, and the total is 600 000 000 units per annum. 
This would be merely the test—and the real development 
would follow. 

Birmingham, 

I am inclined to agree with Mr. Re 3 molds that there 
is a very large future for domestic electric heating of the 
combined form, and I think it is possible that consider¬ 
able economies can be effected by this method. I refer 
to the combination of the low-temperature type for 


Table A. 

Grains of Water which Air is Capable of Absorbing to the Point of Maximum Saturation, in Grains per Cubic 

Foot, for Various Temperatures. 


Deg. F. .. 

26 

30 

36 

40 

46 

50 

66 

60 

66 

70 

Grains per cub. ft. 

1-85 

2-19 

2-69 

306 

3-61 

4-24 

4-97 

6-02 

6-81 

7-94 


Relative humidity is defined as the ratio of the weight 
of water vapour in a given space as compared with the 
weight which the same space is capable of containing 
when fully saturated at the same temperature. For 
example, if on a dry frosty day the dry bulb or ordinary 
air thermometer reads 30° F. and the relative humidity 
is 66 per cent, the amount of water vapour contained 
in each cubic foot of air will be 1-08 grains. If the air 
be now warmed up to 66° F., without the addition of 
moisture, 6-78 grains would be required to saturate 
(100 per cent relative humidity), but as there are only 
1 • 08 grains present the relative humidity is only 16 per 
cent, which is comparable for dryness with the Sahara 
desert. Values quoted by various authorities for the 
weight of water vapour exhaled per hour are the follow¬ 
ing':—^Man at work 0-267 lb., man at rest 0-166 lb., 
youth 0 • 088 lb., infant 0 - 029 lb. Mr. Jenkins mentions 
that many people insist upon seeing a glowing source 
of heat. It is merely the association of the idea of 
comfort with the glowing fire, just as the cow associates 
the idea of the process of milking with the byre, and the 
horse associates the idea of a feed with the appearance 
of his nose-bag. 

In reply to Mr. Wells I have tried the intermittent 
heating method, by means of electric and also gas fires 
in my own house, and it was the entire failure of the 
experiment to provide a sense of real comfort, as 
differentiated fsommahe-helieve comfort, that caused me 
to change over to continuous heating under tormostatic 
• control. Dry towels and steamless mirrors in a. warm 
bathroom, at every hour of fhe day and for a few pence 


maintaining a temperature of 66° F. throughout the 
house, with the possible exception of the bathroom— 
which would be at 66° F.—and the use of 1 000-watt 
fires as boosters in the rooms when they are occupied. 
The figures given by Mr. Platt for the annual heating of 
two factories axe extraordinarily low, but he does not 
state the temperature maintained within the buildings, 
and he does not give the figures for the correlated 
expenses. In any case, I have not advocated the 
employment of electricity for heating factories, but I 
do maintain that there is a vast field on the domestic 
side where labour is difficult. 

Prof. Cramp touches on an interesting and debatable 
point when he mentions his preference for the visible 
type of radiant heater. The difficulty we experience is 
in the practical application of the principle. Invisible 
radiation is simple to apply and to control and maintains 
a condition of comfort throughout the room, and it is an 
easy matter to supplement it with a visible type of 
radiant heater when desired. 

pr. Sims enlarges on the merits of the unit type of 
thermal-storage heater. While we shall all welcome the 
addition of this weapon to our electrical armouiry, to 
enable us; to wage an even more vigorous offensive 
during the coming campaign, I feel that it has very 
marked limitations, I should like to hear further 
details regarding the weight, the operating temperature, 
the views of the insurance companies, and the atmo¬ 
spheric condition produced—particularly as regards the 
characteristic smell invariably associated with high- 
temperature coiivection-t 3 rpe heaters. Another point 
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for consideration is the duplicate •wiring S 3 ^tems in'volved 
m the larger buildings, and this at the time when the 
^mnussioners are pressing forward the ideal of the 
two-part tariff •roth a flat rate for aU current metered, 

, The figures gi'ven by Mr. Hooper are interesting and 
more or less endorse -the views regarding thermal storage 
that I eapresMd in the paper, although the installation 
^s only designed for a temperature-rise of 26 deg. F, 
rme price of Id. quoted -was, of course, quite unreason¬ 
able, and indicated that the supply authority did not 
desire the load. 

I note ^t Dr. Gifford favours intermittent rariier 
ttan continuous heating, but I hope that he will see 
Jus ■way to operate the installation continuously next 
■winter, and that he ■will publish his views regarding 

operation, after negotiating 
TOth the supply authority for a specially low night rate. 
I feel confident tiiat the results ■will be to his satisfaction. 

4 .V Engliolm still considers 

^t the cost of heating by electricity is about 17 times 
me cost of heating by hot water or by steam. If this 
IS actually a fact/ then the cost of heating my own 
duung-room (see Appendix IX, pages 1087 and 1088) 
womd have been somewhere about 7s. for the season, 
wm^^ is rather remarkable, and exceeds ■the most 
optimrstic statements of the manufacturers of hot-water 
filers and radiators. Similarly, the cost of heating 
the suite of offices detailed in Appendix II would have 
been £2 10s., which is the price of about Ij tons of 
coke^gain a surprising result. Labour and other 
correlated costs are neglected in these figures, but if 
they were taken into account the fuel consumption 
would ^be reduced to a value approximating to zero 
and imght even be a minus quantity! Up to the 
OT writing I have had no experience witii the unit heaters 
fitted with electric tubular heaters, and I have no data 
regarding costs. 

Glasgow. 

Dr. Parker Smith expresses fears regarding the cost of 
continuous heating by tiie ceiling-panel system, but 
^erence to Appendix II should assist in reassuring him. 
The total cost of nine rooms was £42 4s. 2d., thus giving 
^ average price of approximately £4 16s. per room for 
■the season, and an a.verage cost per room per day of 
6jtd. This ■was ob'tained ■with current at 0-676d. per 
umt, and I consider that there are good prospects of 
secnrmg even better rates than this in the near future. 

_ I regret that I cannot give Mr. Macleod any assistance 
m rega^ to the problem of heating glass-houses, but I 
thmk that the operating costs have been very much 

over-estimated and that investigation ■wiU show that 
mere are distinct possibilities, when , all the correlated 
items^are taken into account, e.g. equally good results 

obtainable ■with lower temperatures than ■the gar¬ 
dener demands, when thermostatic control is employed 
TOd an even temperature is maintained; the effect of 
the sun on the glass is much greater than the average 
engmeer allows for (Carrier pieces it at 160 B.Th.U. per 
sq.Tt. pOT hour); me efficiency of utilization is mudi 
electricity than ■with cOke-fired boilers ; and 
^ laboite_ is inyolved in me distiibution of electricity 
to me ■vanous houses, end none in stoking or in re^la^g 


the temperature on those days when we get rapid 
altematic^ of sunlight and cloud. I am told that this 
last-mentioned item is a very important one. 

_ Mr. Seddon is to be congratulated on me results that 
he has achie-jred in Edinburgh wim me tubular form of 
electric heating; evidently the users are satisfied as I 
understand me mileage is rapidly increasing, at me 
rate of 316 kW per mile. This is a strange phenomenon, 
OMumng as it does in Scotland, if we are to credit me 
views expressed by Mr. Enghohn ("electricity is 17 
more costly man hot water"), of Mr. Anderson 
( mat so much endeavour should have been expended 
m so ^r a cause "), and of Mr. Kilbum Scott (" me idea 
o usmg it . . . appears to me ■to be nonsensical ”). 
My refOTences to me desirability of me interlocking 
smtch on me convector, and to me fact that me maid 
tnrew me beddomes over a glowing electric fire, ■were 
m^ded to indicate mat people do me most unexpected 
thmgs, so that mey might even attempt to dean me 
convector when it was switched on. Only last week it 
WM reported that a lady used an electric hair dryer 
■while she wm in her bath—wim fatal results. A friOTid 
of i^e, desiring a hot bam, immersed me electric ke^ttle 
in the bath after fi llin g the ba-^i with cold water. I 
WM called on to eiqilain why he recei^ved a se^vere shock 
when he tested me temperature of me ■water by im- 
mereing his elbow in me bam. Mr. Seddon refers to me 
tegher operating temperature of tubular heaters of 
me chromium-plated type. I stressed this aspect of me 
subject on page 1076 (vol. 69), and gave me results of 
a test on various surfaces in Fig. 20. 

In reply to Mr. Connor, owing to me very low operat- 
mg temp^ture of the thin Dulrae panel no difficulties 
are eiqjerienced by reason of imequal expansion. 

Mr. Johnston asks for information concerning the 
ventilation of rooms equipped wim me ceiling-panel 
s^tem and I would refer him to paragraph 4 in Section (2) 
of the paper. I consider that all rooms should be pro- 
■wded ■wim means of ventilation for use if and when 
required. Regarding me effect of a waterlogged 
on me ceiling-panel system, we inadvertently mariA this 
expe^ent at me office during a recent week-end. On 
^vmg on Monday morning we found two ceilings, 
me carpet, and me floor below soaked. The ceiling- 
panel material was still adhering to me ceiling, me fuses 
bad blo^wn, and mere was only a scorch mark half an 
mch long to indicate where me element wire had burned 
wough. The lighting installation was out of action, 
me mrcmt had to be re-^wired, and me room had to be 
re-decorated, so mat me cost of renewing me ceiling 
panel was a minor one. 

hfr. Ure appears to complain mat me ■times are mo’ring 
^ fast for him, but surely this is an advantage ramer 
man a handicap, because it means mat every six years 
he ^ Morm his firiends that meir equipment is out 
of date, and that he would like to quote mem for 

modernizing meir installations. 

I agree wm Mr. Brassiugton mat a large number of 
proposals for electric heating are rejected on me score 
of operating cost, and mat was one of my reasons for 
rm^g the paper. The discussion at 16 meetings has 
affomed ,me an unique opportunity of conferring wim 
electn^ engineers all over me country and of discussing 
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the pros and cons of the subject. With coal at 18s. per 
ton the electrical heating proposition is somewhat 
difficult for the larger installations, but even at that 
price there is a large domestic field, as Mr. Seddon has 
indicated. I do not agree that the apparatus is dear, 
for investigation will show that it compares most 
favourably with the cost of good-class hot-water boilers, 
pipes, and radiators, and with electricity there is no 
labour, dirt, or trouble, and no boiler house, fuel store, 
chimney stack, or ash pit. 

While the general public is notoriously conservative, 
I feel that Prof. Howe has struck an unduly pessimistic 
note regarding the difficulty of educating it* to new 
methods. I have personal knowledge of one thermo¬ 
statically controlled tubular installation where the lady 
of the house invites her friends to tea in order to display 
her latest triumph. On each occasion the operation of 
the thermostat is described in detail, and the comfort 
provided by the installation is eulogistically explained. 
The invitations are invariably accepted, as I am informed 
that it is one of the few houses in the district that are 
really warm and comfortable. ' 

I am glad to have Mr. Low's confirmation of the lower 
temperature found desirable in the panel-heated sections 
of the hospital to which he refers, and it will be recalled 
that I have already mentioned that a rise of 6 deg. ,F* 
represents an increase of 25 per cent in the fuel bill. I 
should also like to point out that, during the prevalence 
of the fogs to which Mr. Low refers, the lighting load 
(and therefore the casual heat from this source) is at a 
maximum, so that the thermostatically controlled heat¬ 
ing load will be at a minimum. It is also, a fact that 
periods of intense cold do not coincide with dense fogs, 
because wind is entirely absent, and the radiation from 
earth to space is restricted by the blanket of fog. The 
intensely cold weather invariably coincides with the 
clear, starry nights when the radiation from earth to 
space is at a Tnfl.yimnm. The low-temperature electric 
panel system has been approved not only by the leading 
insurance companies, but also by the Board of Trade, 
and Lloyd's for installation on the C.P.R, boat The 
Duchess of Richmond," and is now being considered 
with a view to use on railway rolling-stock and also on 
tramcars. 

Bristol. 

I note that Mr. Parker considers the figure of 2 OOO 
units per annum per room to be on the high side, and 
that he refers to a house where the consumption averaged 
just over 1 000 units per room. At the same time he 
mentions a temperature of 65® F, as being adequate 
for the average home. I think that it will be generally 
agreed that 63® F. is the minimum temperature for 
comfort in any occupied room that is warmed by a 
convection system, and that 66® F. is very generally 
demanded. The lower figure of 66® F. provides a fair 
degree of comfort in bedrooms, corridors, and similar 
rooms, provided that the temperature is boosted up to 
63® Fi or 66® F. when the dining-room, loimge, etc., are 
occupied. I am entirely m agreement with Mr. Parker 
when he ej^resses regret that other speakers considered 
it necessary to deciy the use of electricity for heating, 
pariicularly generally indicated that 


they were not speaking from actual personal experience 
of thermostatically controlled installations but merely 
as the results of calculations made on entirely incorrect 
assumptions. 

In reply to Mr. Smith, I feel that heat insulation will 
play a very much larger part in the design and con¬ 
struction of buildings than it has done hitherto, and here 
I would sound a note of warning regarding the use of 
the ordinary cavity wall for this purpose. Tests have 
shown that the air circulates in the cavity, is cooled by 
contact with the outer wall and thereby lowers the 
insulation efficiency. A considerable loss also takes place 
by reason of radiation from the outer surface of the inner 
wall to the inner surface of the outer wall. Effective 
means should be employed to prevent the circulation of 
the air, e.g. by the use of special bricks. Fig, 7 was 
included in the paper for the purpose of indicating the 
unsatisfactory results obtained when the intermittent 
system of operation was adopted, the current being 
switched on at 4 a.m. and off at 4 p.m. daily, with the 
exception of Saturday when it was switched off at 
12 noon. The curve from 12 noon Saturday to 4 a.m. 
Monday shows the rate of cooling and also the effect of 
the normal rise and fall of the outdoor temperature on 
the indoor temperature. Fig. 12 is the corresponding 
curve for the room with continuous heating. 

In reply to Mr. Bowman, the temperatures shown in 
Fig. 4 on page 1067 (vol. 69) were obtained during the 
evening, in the ordinary way, the windows being closed. 
I think that Mr. Bowman is unduly pessimistic regarding 
the unit charge of the bulk supply. Figures have been 
mentioned to me of the order of O^lSd. and 0»2d. per 
unit. Time alone can provide the complete answer to 
his question, 

I am sorry that I cannot inform Mr. Bache how long 
the ripple system of control of the 2- and 3-rate meters 
has been in operation, but I hope to publish some further 
information on this subject shortly. In a wood-joist 
floor, heat insulation such as 2 in. thick cork slab or 
magnesia powder is fixed over the ceiling panels to 
prevent loss of heat into the fioor above. In a concrete 
or tile fioor, the ratio of thickness of the material above 
and below the Dulrae is so large that approximately 
96 per cent of the heat is emitted in the downward 
direction. As a matter of fact, the insulation of the 
floor of the heated room is frequently of more importance 
t'ha'n the insulation of the ceiling, because the heat is 
radiated from the ceiling to the fioor and is absorbed 
by the floor. If there is a substantial emission of the 
heat from the floor in a downward direction (conducted 
to the earth or radiated to the concrete slab), the tem- 
peralnare of the floor cannot build up to the desired 
degree, and complaints of cold may result. (See also 
my reply to Mr. Gamage containing further informa¬ 
tion on this point.) In convection-warmed rooms, high 
ceiling temperatures are encountered over the whole 
area and the transmission of heat through the ceiling 
also involves loss in efficiency. Wherever convection is 
allowed to occur, dusting is inevitable, and for this 
reason, among otiiers, panels should always be located 
in the ceiling. Even the dials of my synchronous 
clocks are showing signs of dusting over the holes 
through which the spindles pass, due to the heat 
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generated by the driving motors. When the heating 
element is pasted to the flat ceiling, convection currents 
are eliminated and dusting does not occur. 

I regret that Mr. Bowden was not more definite 
regarding the vital point of operating temperature when 
he commented adversely on his experience of the ceiling- 
panel system of heating. In certain cases, to reduce 
installation costs, it is possible that the surface has been 
reduced and the operating temperature is therefore 
necessarily high. Experience indicates that such a 
course is highly undesirable, not only on account of 
the discomfort produced, but also on account of the 
increased operating cost. Temperatures should not 
exceed 110® F. as a maximum in severe weather and in 
new buildings. Immediately the building has thoroughly 
dried out and the steady state has been attained, the 
area of surface should be such that the desired condition 
of comfort can be maintained in the room with a panel 
temperature of the order of from 90 to 95° F. I would 
refer Mr. Bowden to the remarks made by Mr. Low at 
Glasgow, regarding the hospital which he mentioned. 
It is also interesting to note that an Italian deputation, 
after touring Europe, has recommended the hot-water 
ceiling-panel system of heating for the new 2 500-bed 
" Benito Mussolini'' hospital in Rome. I feel that I 
must register a protest regarding the repetition by Mr. 
Bowden and other contributors to the discussion who 
call for the education or conversion of the architect.'* 
I should like to assure all these gentlemen, from personal 
knowledge, that the architects and the consumers are 
fully alive to the benefits of doing it electrically," and 
desire to adopt electrical heating wherever possible. 
Their apparent apathy is the result of years of experience 
of the sales methods and tariffs adopted by the electrical 
industry. Let us advertise in a popular manner low 
rates for the thermostatically controlled continuous 
heating load, adopt modem methods of salesmanship, 
and el im inate from our minds the idea of “ educating " 
the architect. 

The point raised by Prof. Robertson regarding the use 
of thicker window glass in order to reduce the heat loss 
is an interesting one and one that merits further study. 
The well-known authority Prof, R. C. Carpenter of 
Cornell University,* quoting from a lengthy translation 
of " Trait6 de la Chaleur" (P6clet, 7th edn., p. 75), 
states . . . "the heat transmitted through glass is 
independent both of the thickness and the coefficient 
of conductivity." I would refer Prof. Robertson to 
one of the books mentioned for the full mathematical 
investigation that led P6clet to arrive at this conclusion. 

'V^en Mr. Gamage criticized Table 4 (page 1064, 
vol. 69) and referred to the difference in grading between 
thermal-storage and low-temperature embedded ceiling 
panels, I think that he overlooked the space required 
by the storage cylinders and connecting pipes and 
valves; the loss of heat from the pipes and the cylinders 
and energy required for the circulating pumps; the 
chases and trenches and special provision required in 
the floors to take the panel pipes; the attendance required 
on pumps, motors, valve glands, feed tanks, relays, 
thermostats, automatic gear, and electrodes or immersion 
heaters. It is also a fact that where large quantities of 
♦ ** Heating and Ventilating Buildings,” 


water are contained in a heating installation that is 
located below sewer-level, the question of flooding and 
drainage cannot be entirely ignored. I think that the 
figures given in Appendix X have served the purpose 
that I intended, which was to draw attention to the 
fact that a low unit price was not the sole factor and 
that there were many other correlated items to be talcen 
into account before a correct conclusion could be drawn. 
As a matter of fact, the figures quoted for both systems 
are now out of date. The figures given in Appendices V 
and VI were never intended to be comparable, but were 
merely intended to indicate the progress that had been 
made to date and that energy was being sold in large 
blocks, despite the theoretical disadvantages of elec¬ 
trical heating. (See footnotes to Appendix VI iii con¬ 
firmation of this statement.) Mr. Gamage cannot have 
it both ways. If, with the thermal-storage system, 
thermostatic control to the individual rooms is not pro¬ 
vided, then there is a very substantial waste of energy. 
If the rooms are provided with thermostatic control, 
then the capital cost is substantially increased. The loss 
of heat from the circulating pipes is again taken excep¬ 
tion to, but I have already dealt with this. In domestic 
‘ supplies, in the pipe-runs actually obtainable in prac¬ 
tice, it is usually found that the loss of heat from the 
pipes equals or exceeds the heat required to heat the 
water actually drawn from the taps. In other words, 
in an actual installation, if the actual water used requires 
a daily expenditure of 600 kWh, then another 500 kWh 
would be required to make good the heat loss from the 
circulating pipes, and the total consumption would be 
1 000 kWh per day. This is one of the reasons why 
electrical water-heating is making such rapid progress. 
Heat energy can be more efSiciently distributed through¬ 
out a large building by electricity than by hot water. 
This statement also reveals another reason why electrical 
heating is economically possible. In one building, 
investigated only this week, that required 1 000 000 
B.Th.U. for heating, the estimate of the heat loss from 
the domestic hot-water supply pipes of 100 000 B.Th.U. 
per hour was criticized as being inadequate. It will be 
agreed that such values are a substantial contribution 
to the casual heat that the thermostat takes full advan¬ 
tage of. In regard to the heat loss through the back of 
ceiling panels, it is now standard practice, in wood-joist 
floors, to employ heat insulation comprising 2 in. thick 
compressed cork or one of the insulating powders. It 
may be of interest to note that the insulation of the 
wood-joist floor of the room marked " Accounts" 
(already covered by thick linoleum) mentioned in 
Appendix II, was recently further insulated with | in. 
of " Celotex" board, and a 3-in. layer of insulating 
powder was spread between the joists. This additional 
insulation of the floor of the room has resulted in the 
energy consumption being reduced by 38 per cent for the 
same temperature-rise. I am sorry that Mr. Gamage 
does not agree with my view that the inverse-square 
law is inapplicable to the very extended sources of heat 
employed in the low-temperature ceiling-panel system. 
The fact remains that rooms or halls, of ceiling heights 
of 20 and 30 ft., are satisfactorily warmed by this method, 
and so I leave Mr. Gamage to suggest the explanation. 
"With regard to the air temperature shown in Fig. 3, the 
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furniture and the observers were not shown in the 
diagram, as it was not thought necessary to include these 
details. The air thermometer was located on a desk, 
and it is probable that this piece of furniture absorbed 
heat direct from the 300-watt lamp. Other explana¬ 
tions may be that the surface temperatures were taken 
by means of a Cambridge thermo-couple, and that the 
air temperature was registered by an ordinary glass-stem 
thermometer. Anyone who has had experience with 
commercial thermometers knows how dfficult it is to 
get two thermometers, not specially calibrated, to read 
exactly the same temperature when hung side by side. 

I note that Mr. Gamage takes exception to the tempera¬ 
ture of 62 or 63® F. It would be interesting to know 
what experience he has had with this system, and the 
temperatures he recommends and finds that his clients 
accept as satisfactory. Again, he indicates that rooms 
warmed by the low-temperature ceiling-panel system 
suffer from cold and draughty floors. If this is really 
the case, how does he explain the fact that the leading 
architects and the Government departments specify the 
system repeatedly ? He inquires whether I would 
advocate the continuous heating of churches. In reply, 

I would say that I have still to find a church that is 
heated satisfactorily and is entirely free from down¬ 
draughts. Almost invariably people wear their over¬ 
coats and outdoor clothes during the service, thereby 
indicating that the outdoor conditions have been merely 
mitigated, which is very different from creating a con¬ 
dition of perfect comfort.'* 

In reply to Mr. Moffat, the operating temperature 
of the low-temperature ceiling panel is of the order of 
86® to 100® F., and the life is indefinite, due to the low 
operating temperature of the element. I do not quite 
understand the logic of Mr. Moffat's argument, that 
because the floor temperature is V2® F. the temperature 
a few inches above the floor is 60® F., and at 100 ft. 
above floor-level it is 58J® F., in the Liverpool Cathedral 
(which is heated by floor panels), therefore floor panel¬ 
heating is desirable. Fig. 3 shows a more even tem¬ 
perature distribution, with the objectionable warm floor 
eliminated. Fig. 4 appears to me to indicate the 
desirability of floor warming to a more marked degree. 

In reply to Mr. Hill, so far as I am aware no difficulty 
is experienced with a multiplicity of ripples on the Paris 
network, where ihe triple meter dials are operated by 
means of. a superimposed musical frequency. The 
company are the only people who are authorized to 
inject these ripples, and either the sine wave is free from I 
harmonics or, if any are present, their character is such 
that they do not interfere with the operation of the 
meters. Chokes are inserted at appropriate points in 
order to prevent the ripples from travelling beyond the 
predetermined areas of supply. 

Loughborough. 

I do not thiTik that any useful purpose will be served 
by a detailed reply to the opening remarks by Mr. 
Grogan, as most of the points to which he refers are 
largely matters of opinion, and sever^ fiave already 
been dealt with in my reply to other speakers. His 
argument, that because radiation becomes more intense 
at certain teihperatures the property should not be 


employed at lower temperatures, leads to dangerous 
ground at once. One has only to recall that many of 
the dangerous poisons are beneficial if employed in small 
doses, and, in our own profession, while high voltages 
at 60 cycles are extremely dangerous, low-voltage currents 
(230-400 volts) are extremely useful for general work. In 
reply to his inquiry as to how I can justify the claim for 
radiant heating by low-temperature ceiling panels, I 
would remind Mr. Grogan that a block of ice can be 
made to boil a kettle of liquid air, purely by means of 
the radiant heat emitted by the ice. I would also refer 
him to the statement of Dr. Margaret Fishenden on 
page 1067 (vol. 69). In his defence of the small high- 
temperature source of heat, as exemplified in the electric 
fire, I think that Mr. Grogan will be interested in the 
views of Dr. H. M. Vernon, Investigator for the Indus¬ 
trial Research Board:* ** In rooms warmed only by a gas 
fire, however, the inmates are apt to feel scorched on 
the side of iiie body exposed to the fire and too cold 
on the unexposed side." Again, " A person sitting in a 
room heated by a fire, in addition to receiving positive 
radiation from the fire and objects warmed by it, is 
also subject, as a rule, to what may be termed negative 
radiation from the windows, as they are generally 
colder than the air of the room." I am sorry that Mr. 
Grogan does not consider that we are justified in reducing 
the loading of the room, detailed in Table 7, by taking 
only 26 per cent of the full air losses, but the method 
caimot be really so reprehensible as Mr. Grogan would 
have us believe, in view of the fact that it has provided 
entirely satisfactory results in many buildings of the t 3 rpe 
mentioned on pages 1048 and 1049 (vol. 69). Again, 
Mr, Grogan criticizes the consumption shown in Appen¬ 
dix II, and suggests intermittent operation, but the 
results of the attempts are shown in Fig. 7, while the 
results of continuous operation are shown in Fig. 12. 
Regarding the results shown in Appendix IX, I am sorry 
that I must again disagree with Mr. Grogan, as these are 
the figures for my own dining-room, and when we adopted 
the intermittent system that he advocates we found it 
necessary to breakfast in our overcoats during spells of 
cold weather. These are results, and should not be 
confused with calculations or estimates. Again, I am 
sorry that Mr. Grogan did not produce the estimates, 
consumption, and thermograph charts for the rooms in 
his own.residence. They would have been so much more 
convincing than the mass of estimates that he has pro¬ 
duced. In regard to the table of costs that Mr. Grogan 
has prepared, I would refer him to the paragraph on 
page 1082 (vol. 69) in which I stated that many successful 
concerns are to-day selling large numbers of cars, the 
annual cost of which, to their respective owners, exceeds 
the capital cost of at least four, and possibly five, cars of 
the "baby" class. The reply to Mr. Grogan's final 
question is that many architects refuse to contemplate 
the types of heating installations that he advocates, and 
invariably employs the low-temperature ceiling-panel 
system, for the same reason that a very large number of 
people are prepared to pay relatively high prices for 
the necessities and the amenities of life—^they consider 
that the results justify the additional cost, e.g. the 
extra cbst of first-class fares over third-class fares. 

♦ V The Measurement of Radiant Heat in Relation to Human Comfort,” 
Jmtmi of Inditstrial Hygienef 1982, 14, p. 110. 
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In reply to Mr. Webb’s inquiry as to where the 
thermostat should be placed, I can only give general 
suggestions. The fundamental consideration is that it 
should be located where it is affected by the average 
conditions prevailing in the room —not in the draught 
from the door, not in the immediate vicinity of the 
heater, and not in a cupboard under the stairs and 
alongside the meters, as has been suggested to me on 
more than one occasion. Behind the door, and at a 
height of 6 ft., usually gives good results, but in some 
rooms it is desirable to fix it on the window wall, 
in order to ensure that the temperature is adequately 
maintained during spells of cold weather. As the 
thermostat will handle from 10 to 16 amperes (a.c.) 
without the interposition of a relay, the normal blocks 
of load are from 2 to 3 kW per thermostat. The corre¬ 
sponding cubes are difl&cult to state as they vary so 
greatly, but at 0*6 watt per cubic foot the space is 
obviously from 4 000 to 6 000 ft. 

I should like to give a definite reply to the question 
put to me by Mr. Furse, but I do not consider that the 
time is yet ripe for such close comparisons, and one 
cannot ignore the correlated costs to which I have 
repeatedly referred in the paper. I think that the better 
course is to prepare a statement of costs for each indi¬ 
vidual installation. As an example, a difference of Id. 
per day per room m a small house would probably be 
worth while pa 3 dng. On the other hand, in a building 
of 600 rooms the additional cost per year becomes a 
substantial item and may not be justified. I would 
also refer Mr. Furse to my reply to Mr, Carr (New¬ 
castle), in which I indicated the danger of the figures 
being misapplied. Thermostats incorporating a mercury 
tube are now available for use on d.c. circuits. As 
slated on page 1067 (vol. 69), the Satchwell thermostat 
will handle 0-1 ampere on d.c. circuits, and can be 
utilized to operate relays of the mercury tube or the 
contactor type, but this method usually involves an 
increase in the cost of wiring. 

The positive statement by Mr. Driver regarding the 
great success of the electric heating of eight classrooms 
at Loughborough College is very welcome after the mass 
of adverse criticism expressed by so many members. 
It is also particularly interesting to note that, as a 
result of this test, the hall of residence for 90 students 
is to be similarly equipped. The low-temperature 
ceiling-panel system is essentially a continuous heating 
system, and has been especially developed for thermo¬ 
static control with a view to improving the load factor 
of the supply authority, and thereby qualifying for low- 
priced tariffs. Rapid heating inevitably involves heavy 
loading, large mains, peak loads, and bad load factors. 
Mr. Driver refers to " gradual heatmg,'* whereas I regard 
the problem as one of preventing excessive cooling, and 
particularly one of maintaining all rooms m a house 
above the dew point. In reply to Mir. Driver's criticism 
of ''stuffing up the cracks," I can only refer him, once 
ag^, to the notes on pages 1064 and 1066 regarding 
this detail—particulaxly to the words printed in italics, 
**/or pwposes of pakulation onlyj- I do not know 
whether the suggestion to fix tubular hea,ters at picture- 
rail height is intended to be taken seriously, A large 
P^cente^e of the heat emitted by the tubular heater is 


undoubtedly transmitted by convection, and it therefore 
follows that they should be located as near the floor as 
possible, except when they are employed for the purpose 
of preventing down-draughts from roof-lights (see also 
Fig. 4 for temperatures). The convection currents will 
inevitably deposit dust on the frieze. 

I am in agreement with Mr. Jockel regarding the 
question of tariffs, and I am of the opinion that the 
type illustrated in Fig. 21 is worth very close study. 
The results obtained by the City of London Co., working 
along these lines, are stated to be very encouraging. The 
figure of 1*40 watts pbr cubic foot is unusually high, 
average values being of the order of 0-6 or 0*6 watt 
per cubic foot for the average rooms, whereas values of 
0-2 or 0*3 are frequently obtained for the larger build¬ 
ings. As I mentioned in my reply to a previous speaker, 
I hope to publish further information relating to the 
ripple-controlled 2- and 3-rate meters at a later date. 

The remarks of Mr. Gill again come as a welcome 
counterblast to the criticism based on estimates and 
not on actual experience. Is it too much to hope that 
the sceptics will abandon their slide-rules and calcula¬ 
tions, and spend their time and energy in installing 
electric heating and thermostatic control equipment, and 
in publishing their expressions of satisfaction? 

Has Mr. Duncan never "rushed a hill" when driving 
a car? The extra burst of speed stores energy and the 
car breasts the hill with little or no effort. The walls 
of a 20-ft. X 16-ft. room have a total length of 72 ft., and 
if the height is 9 ft. 6 in. the gross superficial area is 
684 sq. ft. Deduct the odd 84 sq. ft. for windows and 
doors, and the net area is 600 sq. ft.. Assuming the 
walls to be 9 in. thick, the volume of brickwork is 
460 cub. ft., which at 120 lb. per cub. ft. gives a total 
weight of 64 000 lb. Assume the specific heat to be 
0 • 2 and we find that every degree Fahrenheit represents 
10 800 B.Th.U. or 3*1 kWh. Thermal storage of this 
type is extremely useful to rush the cold spells, and 
indicates the "fl 3 rwheel effect" available in the average 
building to smooth out the load curve. I have experi¬ 
enced difficulty in following Mr. Duncan's argument 
when he states that my theory does not apply in one 
single instance to the guaranteed figures for the running 
costs of tubular and other 83 ^tems to which he has 
access. It is unfortunate that he does not publish facts 
. and figures to support his statement. Again I fail to 
follow his argument when he refers to the impossibility 
of obtaining uniform temperatures with a low-tempera¬ 
ture panel system. Conversely, I think that it must 
be self-evident that where a uniform temperature is 
essential, extensive areas of walls, ceilings, and floors at 
temperatures only slightly in excess of the desired 
temperatures are clearly indicated. Proof of this state¬ 
ment will be found in Figs. 3 and 4, and also in the 
remarks by Mr. Moffat at the Bristol meeting. 

General Reply. 

The undermentioned points appear to call for a brief 
review.’ 

Economic Practicability While I do 

not consider that factories, prisons, poor-law institutions, 
municipal housing estates, and buildings that fall into 
similar categories will be electncally heated in the near 
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Table "B.-^Maximum, Minimum, and Mean Temperatures (® F.) for Various Stations throughout the British Isles. 


Compiled from readings taken during the years 1881-1916. (Selected from'' The Book of Normals of Meteorological 
Elements for the British Isles for periods ending 1916/* H.M. Stationery Office, 1919, 2s. net.). 





Aberdeen 


Bath 


Belfast 


Birmingham 

, Month 
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Maximum 

Minimum 

Mean 

Maximum 

Minimum 

Mean 

Maximum 

Minimum 

Mean 

January 



42>3 

H 

37*8 

44*7 

33*8 

39*3 

45*1 

34*3 

39*7 


33*6 

37*8 

February 



43*4 

lin 

38*3 

46*6 

33*9 

40*3 

46*6 

34*5 


43*7 

34*1 

38*9 

March ., 



46-0 

34*3 

40*3 

49*8 

34*8 

42*3 

48*8 

36*1 


47*1 

36*0 

41*1 

April .. 



60-2 

37*6 

43*9 

66*2 

38*7 

47*0 

53*4 

39*0 

46*2 

53*2 

38*4 

46*8 

May 



64*9 

41*7 

48*3 

61*8 

44*1 

63*0 

69*0 

43*4 

61*2 

59*8 

43*8 

61*8 

June .. 



60*2 

47*0 

53*6 

66*8 

49*8 

68*3 

64*1 

49*0 


66*6 

49-4 

67*6 

Jiiiy 



63*1 

60*2 

56*7 

69*8 

63*2 

61*6 

66*3 

61*6 

68*9 

68*4 

62*7 

60-6 

August 



62‘7 

49*8 

56*3 

69*2 

52*2 

60*7 

66*4 

61*6 

68*5 

67*0 

62*0 

59*6 

September 



69*6 

46-6 

63*1 

65*4 

48*0 

56*7 

61*8 

48*0 

54-9 

62*6 

48*8 

66*7 

October 



63*0 

41*6 

47*3 

67-6 

42*3 

49*9 

55-5 

42*1 

48*8 


43*2 

48*6 

November 



46*9 

37*2 

42*1 

50-4 

37*4 

43*9 

49*6 

36*8 

43*2 

47*6 

38*4 

43*0 

December 



42*9 

34*0 

38*5 

46*6 

36*1 

40*8 

46*0 

35*1 

40*6 

43*2 

34*9 

39*1 

Year .. 



62*1 

40*6 

46*3 

67*0 

41*9 

49*5 

65-1 

41*7 

48*4 

64*6 

42*0 

48*3 

October to 

April 


46-4 

35*8 

41*1 

60*1 

36*5 

43*3 

49*3 

36-7 


47*2 

36*8 

42*0 


Bournemouth 

Brighton 

Cardiff 

Cork 

(Ballinacurra) 

Tanuarv 



44-7 

34*8 

39*8 

44*1 

35*8 

40*0 

43*6 

34*1 

38*9 

47*7 

37 0 

42*4 

February 



46*1 

35*2 


45*2 

36*3 

40*8 

45-1 

34*9 

40*0 

48*3 

37*4 

42*9 

March .. 



49-1 

36*1 

42*8 

48*1 

37*4 

42*8 

48*3 

35*6 

42*0 

50*3 

37*5 

43*9 

April ,. 



66-1 

39*3 

47*2 

63*9 

41*2 

47*6 

53*6 

39*5 

i 46*6 

54*5 

40*5 

47*6 

May ,. 



6i-6‘ 

44*5 


60*7 

46*6 

53*7 

60*0 

44*6 

52*3 

1 59*4 

44*9 

62-2 

June .. 




49*9 

58*3 

65*7 


68*9 

65*4 


57*8 

1 64*8 

1 

49*5 

67*2 

July .. 



69‘7 

53*3 

61*6 

68*9 

56*4 

62*2 

67-7 

53*2 

60*6 

67*3 

62*2 

69*8 

August 



69*3 

53*1 

61*2 

68*8 

56*6 

62*2 

67*2 

62-8 

60*0 

66*6 

62*2 

69*4 

September 



66-4 

49*4 

67*4 

66*6 

62*2 


63*1 

49*1 

66*1 

63*3 

49*6 

66-5 

October 



67-4 

44*4 


67-8 

46*5 

62*2 

66*7 

43*9 

49*8 

56*7 

44*0 

60*4 

November 




39*4 

45*1 

50*7 

41*5 

46*1 

49*1 

38*3 

43*7 

61*6 

39*6 

45-6 

December 



46*3 

36*9 

41*6 

46*2 

, 37*8 


45*4 

36*3 

40*9 

48*6 

37*6 

43*1 

Year .. 



66-9 



66*3 

44*9 


66*4 

42*7 

49*1 

56*6 

43*6 

60*1 

October to April 


49*9 


44*0 

49*4 

39*6 

44*6 

48*7 

37*6 

43*1 

61*1 

39*1 

45-0 


Dublin 

(Glasnevin) 

Dumfries 

Dundee 

Durham 

January 



46 >0 

35*2 

40*6 

42*8 

33*1 

38*0 

41*3 

32*8 

37*1 

42*0 

32-2 

37*1 

Februaiy 



47*2 

35*2 

41*2 

44*4 

33*1 

38*8 

42*5 

32*5 

37*5 

43*5 

32*3 

37-9 

March .. 

• • 


49*3 

35*5 

42*4 

47*4 

34*1 


45*8 

33*7 

39*8 

46*8 

33*3 

40-1 

April .. 



63*6 

38*2 

45*9 

63*7 

37*1 

46*4 

61*4 

36*7 

44*1 

62*0 

36*1 

44*1 

May .. 



68*6 

42*5 

60*6 

69*6 

42*1 


67*2 

41*6 

49*4 

67*3 


49-1 

June ,. 



64-3 

48*1 

56*2 

66*7 

48*0 

66*9 

63*6 

47*2 

56 *4 

64*0 


65*3 

July .. 



66*9 

51*4 

59*2 

67-0 

60*9 


66V3 


58*4 

67*3 

60-2 

58*8 

Au^st 



66-2 

60-7 

58*5 

65*8 

60*1 


64*8 

49*7 

67*3 

66*0 

49*7 

67-9 

September 



62*6 

47*0 

54*8 

62*4 

46*1 

64*3 


46*4 

63*5 

61*6 

46*3 

64-0 

October 



66-8 

41*8 

48*8 

64*6 

40*9 

47*8 

62*6 


46*7 

63*7 

41*0 

47*4 

November 



60-4 

38*3 

44*4 

47*7 

36*8 

42*3 

46* 1 

36*6 

41*3 

47-3 

36*7 

42-0 

December 



46*8 

35*7 

41*3 

43*6 

34*0 

38*8 


33*2 

37*6 

42*8 

33*3 

38*1 

Year .. 



66-6 

41*6 

48*6 

64*6 

40*6 

47*6 

62-8 


46*6 

53-7 

39*9 

46*8 

October to April 


49-8 

37*1 

43*6 

■wo 

36*6 

41*7 

46 *9 

36*1 

m 

46-8 

34*9 
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Table B — continued. 


Month 


Edinburgh 

(Leith) 

Falmouth 

Glasgow 

Hull 




Maximum 

Minimum 

Mean 

Maximum 

Minimum 

Mean 

Maximum 

Minimum 

Mean 

Maximum 

Minimum 

Mean 

January 



44-0 

34*2 

39*1 

46*9 

39*9 

43*4 

42*4 

34*8 

38*6 

42*6 

32*7 

37*7 

February 



45-2 

33*8 

39*5 

47*1 

39*6 

43*4 

43*2 

38-0 

39*1 

44*7 

33*1 

38*9 

March .. 



47*7 

34*9 

41*3 

48*7 

39*8 

44*3 

45*5 

35*7 

40-6 

48*1 

33*9 

41*0 

April .. 
May .. 



52-6 

38*1 

45*4 

52*6 

42*9 

47-8 

51*2 

38*8 

45*0 

53*2 

36*9 

45*1 



57*3 

42*8 

50*1 

57*7 

47 0 

52*4 

87-2 

43*4 

50*3 

59*2 

42*0 

50*6 

June .. 



62*9 

48*4 

55*7 

62*8 

52*0 

57*4 

62*9 

48*6 

55*8 

65*4 

47*6 

56*5 

July .. 



66-8 

51*4 

58*6 

65*8 

55*1 

60*5 

64*4 

51*5 

58*0 

68*8 

51*4 

60*1 

Au^st 



65*4 

51*2 

58*3 

65*4 

55*1 

60*^3 

63*1 

51*0 

67*1 

68*1 

50*7 

59*4 

September 



61*8 

47*6 

54*7 

62*1 

52*7 

57*4 

59*2 

47*8 

53*5 

63*6 

47*2 

55*4 

October 



54*8 

42*1 

48*5 

66-3 

47*7 

52*0 

52*3 

42*5 

47*4 

55*5 

41*8 

48*7 

November 



48*5 

38*0 

43*3 

51*6 

43*9 

47*8 

46*7 

38*5 

42*6 

48*5 

37*2 

42*9 

December 

•• 


44*8 

35*0 

39*9 

48*8 

41*6 

48-2 

43*3 

35*7 

39*5 

43*6 

33*8 

38*7 

Year .. 



54*2 

41*7 

47*9 

55*5 

46*6 

81-0 

52*6 

42*0 

47*3 

88-1 

40*7 

47*9 

October to April 


48*2 

86-6 

42*3 

80-2 

42*2 

46*2 

46*3 

37*2 

41*7 

48*0 

35*6 

41*8 


London 

(St. James's Park) 

Manchester 
(Whitworth Park) 

Oxford 

Sheffield 

January 



44*2 

34*9 

39*6 

43*3 

34*8 

39*1 

43*3 

33*5 

38*4 

42*7 

34*2 

38*5 

February 



45*8 

35*5 

40*7 

45*0 

35*1 

40*1 

45*4 

34*0 

39*7 

44*0 

34*6 

39*3 

March .. 



49*5 

36*6 

43*1 

48*1 

36*4 

42-3 

49*2 

34*9 

42*1 

47*0 

35*4 

41*2 

April .. 



55*6 

40*7 

48*2 

54*0 

39*5 

46*8 

55*3 

38*6 

47*0 

52*4 

38*7 

45*6 

May 



62*0 

46*2 

54*1 

60*1 

45*1 

52*6 

61*4 

44*2 

52*8 

68-6 

43>8 

51-0 

June .. 



67-4 

51*9 

59*7 

66*0 

50*7 

58*4 

67*0 

49*9 

58*5 

64*6 

49*1 

56*9 

July .. 



71-0 

55*3 

63*2 

68*0 

53*6 

60*8 

70*2 

53*5 

61*9 

67*3 

62*7 

60*0 

August 



70*0 

54*9 

62*5 

67*1 

52*7 

59*9 

69*1 

52*6 

60*9 

66*5 

52*2 

59*4 

September 



65*4 

51*0 

58*2 

63*4 

49*3 

56*4 

64*8 

48*4 

66*6 

62*3 

48*9 

88-6 

October 



57*1 

45*2 

51*2 

55*5 

44*0 

49*8 

56*2 

42*5 

49*4 

54*3 

43*5 

48*9 

November 



50*3 

39*7 

46*0 

48*5 

38*7 

43*6 

49*1 

37*9 

43*5 

48*1 

39*2 

43*7 

December 



45*9 

36*7 

41*3 

44*5 

36*2 

40*4 

44*6 

35*1 

39*9 

44-0 

35*5 

39-8 

Year .. 

.. 


57*0 

44*0 

50-6 

55*3 

43*0 

49*2 

56*3 

42*1 

49*2 

84-3 

42*3 

48*3 

October to April 

• • 

49*7 

38*4 

44*0 

48*4 

37*8 

43*1 

49*0 

36*6 

42*8 

47*5 

37*3 

42*4 


future, I feel even more definitely that there is a vast 
and ever-increasing scope for the sale of electrical energy 
for heating purposes. The majority of the adverse 
criticism has been based on calculations and on estimates 
built on false assumptions. Men who have had ex^ri- 
ence of m.odem installations controlled by thermostats 
axe favourably disposed to the proposition. 

For the''directtype of electric heating the maximum 
flat rate is of the order of 24 units per shilling (0 • 6d. per 
unit), but the rate that will popularize the system is one 
l^at will differentiate between day and night, .or off 
peak," use. Such a rate might be 16 units per shilling 
for day use (0'76d. per unit) and 48 units per shilling 
for night and week-end use (0 • 26d. per unit). Assuming 
^at during a week's run of 168 hours the thermostat 
is closed for 66 per cent of the time (112 hours), the 
allocation may be taken as two-thirds of the consumption 
or 67 houm at the jd. rate, and the balance of 4§ hours 
at the”|d. rate, thereby giving an avera:ge of 0*46d. 
per unit dr 26’ 7 unite per shilling. 

For the thermal-storage system to compete vdth the 


oil-fired hot-water installatidh (in which the rooms and 
also the boilers are under thermostatic control), the oil 
flame being automatically started and stopped as 
required to maintain the boiler temperature, the maxi¬ 
mum rate which is at all attractive is of the order of 
40 units per shilling (0-3d. per unit), but the actual 
economic rate appears to be as low as 72 units per 
shilling (0- 167d. per unit). 

Cufrent Consumption in Various Districts ,—In the 
north it,was suggested that my estimates for current 
consumption were based on the London area, where 
the climate is milder. To facilitate adjustments for the 
various districts, I have prepared Table B, showing the 
average maximum, minimum, and mean temperatures 
throughput the year, and Table G, showing the variation 
firom the normal or " standard " consumptions. 

As an example, if the "standard" consumption, 
calculated from Table 12, is found tp be IQ 000 units 
per annum for a mean temperature of 43® F. and 
30 deg, F. rise of temperature, the consumption in Fal- 
moutii would be 8 380 unite and in Dundee 11120 unite. 
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Main versus Room Thermostats ^—^Detailed study of the 
subject clearly indicates that the great difiS-culty experi¬ 
enced in the majority of installations is to find the 
** index room ** in which to locate the main thermostat, 
where only one thermostat is to be installed. Almost 
every room in a building is subjected, more or less 
frequently, to some special disturbing factor, and the 
temperature in the remaining sections of the building 
will be either too high or too low. 

Continuous verstcs Intermittent Heating ,—Probably the 


are cold, and one is merely warmed by a blanket of air 
or by a concentrated and highly directional beam of 

radiant heat. , • t 4 . • 

Margins in Thermal-Storage Installations, ^it is 
interesting to note that practically the whole of the 
criticism of the margins that I have suggested, to cov^ 
pipe and cylinder losses, came not from the experienced 
hot-water engineers who daily design, install, test, and 
guarantee their installations, but from electrical engi¬ 
neers who were relying on calculations. The practical 


Table C. 

Variation of the Mean temperature at Various Stations throughout the British Isles from the Standard of 43° F. adopted 

as the Basis of Table 12 {page 1078, vol. 69). _ 

niT * Percentage of Equivalent hours’ percentage of 

Mean temperature Variation from 30® F. rise use of maximum «standard” 


Mean temperature 
for seven winter 
months 


•Variation from ^mSed to 


maintam 63® F. maintain 63® F. (theoretical) 


consumption. 


Falmouth 
Cork ,. 
Brighton 

Bournemouth 

London 

Dublin 

. Bath .. 
CardifE 

Manchester ., 


deg. F. 

+ 3*2 
+ 2°0 
+ 1/S 

+ 1°0 
+ DO 
+ 0-6 

+ 0-3 
+ 0-1 
- t - 0-1 


Belfast 

Oxford 

Sheflield 

Edinburgh 
Birmingham 
Huh .. 

Dumfries 

Glasgow 

Aberdeen 

Durham 

Dundee 


TTfiain attack on the paper was concentrated on my 
guppprt of the continuous S 3 ^tem of heating, under 
tiaermostatic control, as differentiated from the inter¬ 
mittent method of operating the installation. Supply 
engineers have the matter in their own h^ds. A fiat rate 
will induce the heavily loaded intermittent instaUation to 
become popular, and the peak load will coincide, with the 
breakfast cooking load. Two- or three-rate meters, giving 
a specially low night and week-end tariff, will encourage 
the continuous load, and very large blocks of energy 
will be sold during the slack period. With the experi¬ 
ence of both methods—both comfort and cost—I am 
still convinced that the continuous method is the essential 
one for real comfort, One cannot be really comfortable 
in i room in winch the furniture, walls, fiobr, and ceiling 


difiaculty experienced in utilizing the pipe losses to 
^sist in heating the building is the fact that pipos must 
be run where they can be accommodated, and not in 
the most ejficient places. Pipes are only a service, and • 
the building is constructed for purposes other than to. 
form pipe chase. To inaintain a corridor at a tempera¬ 
ture of 2 deg. F. in excess of the minimum, adds 10 per 
cent to the cost of energy. 

Thermal-Storage versus Direct Heating Installations.--^ 
Further consideration has led me to the conclusion that 
the thermal-storage system will probably lead the field 
for the larger installations, and that the direct method 
will be employed for the smaller work. An important 
feature of the panel-type thermal-storage system that 
I has l^eh overlooked by aU speakers is the fact that heat 
;r': 16 
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can be made av^able at a relatively early stage in the 
completion of the building for the purpose of drying-out 
the structure, thereby reducing the time required for 
construction. This is due to the fact that the pipes are 
cast with the floors, and that it is not necessary to wait 
for the completion of any chimney-stack. Assistance 
of this t 5 ^e in reducing the constructional time for a 
large building, erected on a valuable site, may be a vital 
factor in the success of the enterprise. 

Coal Conservation, —^An interesting side-light on the 
argument of coal conservation was recently reported 
when a deputation of prominent men from South Wales 
waited on Mr. Stanley Baldwin and pressed him to 
endeavour to persuade the Government to order coal 
to be used in the Navy in lieu of oil, owing to the intense 
distress in the coal-mining districts. 

Electrode versus Immersion-Heater Boilers, —So long as 
the multiple earthing of the neutral remains contrary 
to the Commissioners* Regulations, and so long as supply 
engineers insist on the installation of 1 : 1 ratio trans¬ 
formers in order to separate their distribution systems 
from the boiler electrodes, the e3^a-high-tension type 
of electrode boiler will make little serious headway. It 
suffers from the fact that the conductivity of the elec¬ 
trolyte varies both with the concentration or strength 
and also with the temperature, and this involves com¬ 
plicated automatic regulating equipment. A slight 
variation of conductivity involves a substantial variation 
in the load at the high voltages employed. On the 
other hand, immersion-heater units are manufactured 
in large quantities, their weak points have been elimi¬ 
nated, and the immersion-heater type of boiler can now 
be regarded as a very reliable piece of apparatus. The 
grouping of the units, which are frequently of the 3-kW 
rating, is rapidly increasing, for whereas, until quite 
recently, banks of 10 or 25 kW were regarded as standard, 
in the latest installations the units are banked in groups 
of 50, 100, and even 150 kW, balanced protective gear 
being employed for the protection of the individual 
elements in lieu of fuses or small circuit breakers. 

Variation of Temperature of the Tank Water,’—K point 
tiiat requires careful consideration is the apparent loss 
in storage capacity of the tanks, due to the variation in 
temperature through the vertical section of the tanks. 
Circulating pumps have been suggested for the purpose 
of thorough mixing of the water, so that the temperature 
is approximately uniform throughout the tanks. 

Use of Magnetic Valves, —^Marked developments have 
occurred in coimection with the design and manufacture 
of the solenoid valve illustrated in Fig. 10 of the paper. 
In a special triple form it is now extensively employed as 
* the modulating valve for automatically maintaining the 
temperature of the circulation water, by a4ding, as 
required, small quantities of hot water from the storage 
cylinders of the thermal-storage system. It is also 
found extremely useful in installations where a mixed 
p^el and radiator systein is employed. In this case, 
the boiler runs at the temperature required by the 
radiators—usually between 180® and 140® F.—and the 
modulating valve simultaneously maintains the panel 
circuit at any desired tempemture between 120® F. and 
90° F,^ Although the J-in. yalve is only rated at 12 watts, 
the |-in, at 15 watts, and the l-in. at 30 watts, the load 


is a useful one for the supply authority, where the valves 
are fitted to room radiators and panels, because the load 
continues for a substantial part of each 24-hour day, 
throughout the heating season. In one case that I 
investigated, the annual consumption for the valve 
solenoids exceeded the lighting consumption of the 
building. 

Thermostats, —^A thermostat is now available for use 
on a.c. or d.c. circuits in which a mercury switch is 
combined with a bellows designed to expand and con¬ 
tract with small variations of temperature. The expan¬ 
sion and contraction of the bellows cause the mercury 
switch to rock and thereby to switch the current on and 
off and so to maintain the desired temperature. An 
ingenious type of silent relay talces the form of a 
** X "'-shaped glass tube, the horizontal portion of 
which contains mercury. Contact wires are fused into 
the opposite ends of the horizontal portion of the x» 
just clear of the mercury. The vertical leg contains a 
solenoid core and is surrounded with a magnet coil. 
When current flows in the coil the core is held clear of 
the mercury, but when the current is switched off the 
core falls into the mercury, and by mechanical displace¬ 
ment the level of the mercury rises, thereby electrically 
connecting the two contact wires that are fused into the 
glass. 

The Heat Insulation of Buildings, —Much more atten¬ 
tion is now being paid by architects to this extremely 
important aspect of building construction, and it is only 
a logical step to regard the problem of maintaining 
comfort during the winter months as one of preventing 
excessive cooling, rather than as one of heating the 
building. Two small houses were erected at the Building 
Research Station at Watford, one being of standard 
9-in. brick construction and the other of brick and con¬ 
crete lined with insulating material. The two houses 
were under thermostatic control, and every precaution 
was taken to ensure that the conditions would be 
identical for both houses during the test. The con¬ 
sumption for the brick house was 5 397 units, and for 
the insulated house 3 342 units, so that the heat insula¬ 
tion effected a saving of 38 per cent. In the new St. 
Swithun*s School, recently exacted at Winchester, to the 
designs of Messrs. Mitchell and Bridgwater, chartered 
architects, of Hanover Square, special attention was 
paid to the problem of heat insulation of the floors, 
walls, and roof, and thermostatic control was utilized. 
Although the new school has approximately twice 
the cubic contents of the old school and is in a very 
exposed position, as compared with a sheltered one, I am 
informed tiiat the records of the first season (while the 
building is still being dried out) show that if the heating 
installation is run for nine months in the year the cost 
will still barely equal that of the fuel required to heat 
the old building. 

Developments of the Warm-Ceiling System, —^The low- 
temperature ceiling heating system, described oh 
page 1049 (vol. 69), has now been very considerably 
modified. The latest form consists of a thin card or stiff 
canvas reinforced paper, in which the element is in- 
corporated. The total thickness of the material is 
1 mm, standard widths are 20 and 40 in., and it is 
available in. continuous rolls that can be cut at intervals 
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of 24 in., so that any desired length may be obtained 
from the stock rolls. It is pasted to the ceiling in the 
same way as a substantial lining paper, and may be 
regarded as non-ignitable when fixed. The maximum 
surface temperature of the new form is approximately 
100° F., and the normal loading is 23 watts per square 
foot or 76 watts per foot run. 

A cknowledgments ,—Several speakers have credited me 
personally with the invention of the low-temperature 
electric ceiling panel-heating system. In the development 
work, which has extended over a period of 10 years, I 
have merely contributed my quota in association with my 


colleagues, Messrs. J. L. Musgrave, R. G. Crittall, L. J. 
Fowler, B.A.(Cantab.), and Fernand Billerey. 

Conclusion *—^The work involved in writing the paper 
and in replying to the discussion has been most gener¬ 
ously repaid by the widespread interest that the paper 
has aroused in the subject of electrical heating. Evi¬ 
dently it was a subject that required examination, and 
it will be generally agreed that it has been very 
thoroughly examined. My sincere thanks are due to 
all concerned. There are now some* 3 000 electrical 
heating installations other than electric fires in the 
British Isles, and this total is increasing daily. 


DISCUSSION ON 

“BUSHING INSULATORS FOR OUTDOOR TRANSFORMERS.”* 

North-Western Centre, at Manchester, 6th January, 1932. 


Mr. E. T. Norris: The paper may conveniently be 
divided into two parts, the latter part dealing with 
practical points in bushing-insulator design and manu¬ 
facture. It is evident from this part of the paper that 
the present design and construction of high-voltage 
bushings is the result of operating experience rather than 
development based on fundamental principles. The 
first part of the paper deals with these fundamental 
principles, and attempts to derive from them the 
desirable characteristics of a bushing in regard to the 
transformer itself, the transmission line, and operating 
conditions. The author rightly describes the charac¬ 
teristics under impulse or surge conditions as being 
fundamental to the design of a bushing. Knowledge 
of surge conditions is rapidly developing, and during 
the last few years many of the early theories and deduc¬ 
tions have been completely changed. The conclusion, 
for example, that the size of a transformer bushing 
should depend upon whether or not the transformer 
insulation is graded, is based entirely upon consideration 
of 60-cycle insulation stresses. The essential principle 
of graded-insulation transformers is that advantage 
should be taken of the, fact that the neutral point is 
solidly and permanently earthed, to reduce the insula¬ 
tion to earth at the neutral end of the winding. The 
principle does not suggest that the line end of the 
winding should be any less well insulated than in ordinary 
transformers. Surges and travelling waves entering a 
transformer from the line impose just as severe a stress 
on the line end of the winding when the insulation is 
graded as when it is not. It, is essential, therefore, that 
the insulation at the line end of the winding (this in¬ 
cludes the bushing insulation) should not be reduced 
in graded-insulation transformers. In the. first part of 
the paper the author refers frequently to co-ordination 
of line, station, and apparatus insulation, the principle 
being to grade the insulation of the various parts of a 
transmission system so that when breakdown is necessary 
to relieve the stress on the system, it occurs at a pre¬ 
determined point where it can do little damage and 
♦ Paperby Mr. W. J. John (see vol. 70, page 297). 


will cause a minimum of inconvenience. Such correla¬ 
tion is possible where similar characteristics, e.g. the 
spark-over voltage of insulators and bushings, are being 
considered. The nature of the breakdown of such 
solid insulation as that of a transformer winding or a 
bushing is so fundamentally different from that of 
spark-over in air that a comparison can only be made if 
other and more complicated factors are considered. A 
bushing or line insulator flashes over when the surge 
voltage exceeds a certain value, but it will withstand 
without harm any number of surges of the same wave¬ 
shape whose voltage is below that value. A trans¬ 
former winding or bushing consists largely of solid 
insulation. It is an important characteristic of such 
insulation that the damage done by surges is cumulative 
and progressive. Whilst, therefore, a single surge of 
suj05.cient magnitude would break down a given insula¬ 
tion, a number of surges of much smaller magnitude 
would also break it down. The damage done to an 
unprotected transformer or bushing by surges is so 
cumulative that its life will depend entirely upon the 
number and severity of the surges inflicted upon it. 
Owing to the erratic distribution of thunderstorms and 
lightning strokes, this life is governed largely by chance 
and coincidence. Any attempt, therefore, to co¬ 
ordinate line and transformer insulation on the basis 
just described must include not only the wave-shape 
of the surge and its maximum amplitude but also the 
number of surges and the desired life of the transformer 
or bushing. The author refers to the efiect of reflection 
on a transformer bushing at the end of a transmission 
line. It is theoretically true that when a surge arrives 
at the end of a line it will be reflected and its potential 
may be raisedi to twice the original value, provided 
that the wave-front of the surge is rectangular. In 
practice, even with a rectangular, wave-front, this 
reflected value is only possible during the time taken 
for the reflected wave to travel the 400 or 600 ft. from 
the bushing to the first line insulator, a matter of 
approximately \ microsecond. This time is too short 
for the increased surge potential to have any dangerous 
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effect. Moreover, the wave-front of surges is always 
sloping, never rectangular. The reflected wave will 
similarly be sloping, and will be superimposed on the 
original wave, giving a gradual increase in surge potential 
which -wdll cause the line-insulator bushing immediately 
preceding the transformer to flash over and relieve the 
situation. In other words, the line insulator imme¬ 
diately preceding the transformer gives a very definite 
protection to the transformer bushing against the 
increased stresses due to reflection. 

Mr. P, G. Ashley: I am disappointed that the author 
gives so little information regarding the condenser- 
type bushing. This was first developed by the Westing- 
house Co. in March, 1910, since when thousands of 
condenser bushings manufactured in this country, in 
Europe generally, and in the U.S.A. have given excellent 
service. In view of this the statement on page 323 that 
many users have had trouble with bushings of the con¬ 
denser type, whilst trouble with the oil-filled type is rare, 
is unfortunate, as I think it is contrary to engineering 
experience. Another statement on the same page to 
which I take exception, chiefly because it requires qualifi¬ 
cation, is that the condenser bushing is more expensive 
than the oil-filled type. My experience is that up to 100 kV 
the prices of the two types are comparable, and that 
over 100 kV the oil-filled bushing is the cheaper. Other 
features, however, such as the extra cost involved by 
switch top-plates, current transformers, etc., due to the 
larger size of the oil-filled bushing compared with the 
condenser bushing of the same rating, must be considered 
when making a comparison between the two types. It 
is true that recent developments in connection with the 
use of bushing-type current transformers have enabled 
the size of the latter to be reduced when used on oil- 
filled bushings, but, so far as I know, for the same rating 
the condenser bushing can still be made smaller than 
the oil-filled type. The principles inherent in the 
design of the condenser bushing allow the axial gradient 
at the air and oil ends of the bushing to be controlled, 
and this must result in smaller dimensions for the same 
performance. The author states (vol. 70, p. 323) that 
in his opinion ^condenser bushings can be obtained 
which will give no more trouble than any other type. I 
think that this statement is not a matter of opinion 
but an actual fact. Even years ago when the technique 
of bushing manufacture was certainly not at the high 
state to which it has attained within recent years, the 
condenser bushing could easily hold its own, and this 
is more than ever true at the present time. The safety 
of the oii-fiUfied bushing depends upon the oil remaining 
in the porcelain top and bottom shells. A small crack 
in the porcelain or the starting of one of the oil joints 
wiU allow the oil gradually to leak away. This is bound 
to be followed by breakdown. On the other hand, 
ev^ if the porcelain rain-sheds of a compound-filled 
condenser bushing were actually broken away, unless 
weather conditions happened to be very bad the bushing 
^ ^ would stiU operatey^^ and thus allow time 

for alternative supply arrangements to be made.. Al¬ 
though the author cites deterioration of the varnish 
paper 8^ a condemnation of the condenser bushings in 
another column he mentions that bil-fiiled bushings are 
fitted at the top of the reservoir with a thbe open to the 


atmosphere. Oil is known to deteriorate rapidly on ! 

the addition of moisture, and though the tube is turned ^ 

down to prevent rain from driving into it, moisture- ' 

laden air can readily pass into and out of the container. 

The illustration (Fig. 40) of a 220 000-volt oil circuit- •: 

breaker bushing made of porcelain is of particular 
interest; in this connection I should like to point out 
that one manufacturer in this country has for some time 
past been manufacturing complete condenser bushings 
16 ft. long, and has also made 600 000-volt condenser 
bushings up to 24 in. diameter. It is stated that 
bushings for switchgear have to withstand mechanical 
stresses due to the shocks of making and breaking 
contact. One development, however, embodies an 
arrangement whereby the closing shock is taken on the 
arc shield enveloping the lower end of the bushing, and 
it is in fact possible to operate the circuit breaker with T 

the actual condenser bushing removed. The current- 
carrying capacity of copper rods given in Table 20 does 
not hold for all designs. I should be glad if the author 
would state the conditions for which these figures hold 
good, and the circumstances under which the test ! 

reported in Table 22 was carried out. At the same I 

service voltage an air-core porcelain bushing with a 
1-in. conductor will carry quite a different current 
from that which might be carried by an oil-filled bushing j 

or a porcelain-shrouded condenser bushing. On page I 

314 there is a rather confusing statement to the effect I 

that the minimum commercial thickness of a wall of I 

paxolin is about Jin. It may be pointed out here ? 

that "paxolin"' is a proprietary name, and that it 
would have been better had the author used the term 
" synthetic resin varnish-treated paper," which has 
been standardized for this class of material. I assume ! 

here that he has in mind the use of a vamish-treated \ 

paper tube which will be slipped oyer the copper con¬ 
ductor by the manufacturer of the composite bushing. 

In this case it would probably be difi&cult to make a 
satisfactory job with a tube of less than J-in. wall 1 

thickness. The practice of pushing an insulating I 

device on to a copper rod is not to be recommended, as i 

it is extremely difiS.cult to ensure that no air space is 1 

present between the copper and the internal bore of the 1 

tube. In a case of this kind it is much better to have f 

the insulation wound directly on to the copper rod. i? 

T}ie radial thickness may then be given any suitable 
value demanded by the design. 

Mr. W. Fennell: With regard to the subj ect of j oints [ 

between the bushings and the transformer casing, we 
are greatly troubled by oil leaks on outdoor transformers 
having conservators. I have not seen a pressure joint ' 

between porcelain and metal which could be regarded as 
satisfactory. To my mind the proper way to connect the 
insulator to the tankis to cement a metal ring to the insu¬ 
lator and to use the metal ring for the bolted joint. There 
is no need to make a new cemented joint each time a 
bushing is replaced. Instead of keeping the spare bushing 
separate firom the ring, keep it cemented to the ring. 

The change may be effected in a few minutes, as one has 

only to make an ordinary metal-to-metal joint. I have • 

specified: this construction on several occasions, after 

somewhat Serious trouble through leaving the matter 

open for the transformer manufacturer to decide. In 
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my opinion there is much unnecessary elaboration in 
regard to bushing insulators. For example, take the 
kinds of insulators to be used according to whether the 
star point is earthed or insulated. The paper shows 
that the specifications of the two do not differ greatly, 
and as regards appearance one would not know them 
apart. I do not think it is necessary or advisable to 
design a transformer bushing except on the assumption 
that the circuit is insulated. Transformers for voltages 
up to 33 000 volts are used in all sorts of situations. 

A transformer should be so constructed that it can be 
used anywhere, and 'therefore the highest possible 
surge voltage is the important consideration, not the 
question whether the star point is earthed or insulated. 

A great source of oil leakage with transformer bushings 
is the conducting rod in the middle. I do not think we 
have more than two or three transformers with conser¬ 
vators that do not leak at that point. The oil spreads 
down the bushing outside, collecting flies, dust, and 
filth. We therefore have to clean these bushings, 
which are the only insulators that are cleaned at all 
on our system. The conducting spindle carries a current 
and therefore gets warm; its coefficient of expansion is 
different from that of porcelain, and any packing (such 
as cork) put in to make a joint will eventually give rise 
to a leak. It usually does so after a few months. 
What we really need is some new form of elastic joint 
that does not depend upon the elasticity of the jointing 
material. After a year or two cork joints on trans¬ 
former bushings begin to disintegrate and trickle out. 
Whatever material is used it should be permanent, a 
quality which neither cork nor rubber possesses. 

Mr. A. M. Robertson: In connection with the wet 
flash-over test of bushings (page 309), it is rather unsafe 
to assume the resistivity of the water used in this test 
to be 10 000 ohms per cm cube. The value must be 
accurately determined before any test is carried out on 
the bushing. Can the author give any further infor¬ 
mation regarding the accuracy of the figure in question? 
The whole matter of this test is made to appear much 
more simple than it is in actual practice; one has to 
determine the value of the resistivity of the water, and 
then to observe the angle and rate of precipitation. In 
a large-size bushing, some difficulty will be experienced 
in adjusting these factors over a large area. I think 
that the author might well have given fuller information 

regarding test practice. . , -i: 

Dr. J. L. Miller: It would have been interesting ii 
the author had given us some impulse figures. I suppose 
that one difficulty in doing this would be the l^ck of 
information available, as very little has been pubhshed 
•on the subject in this country up to the present. 
The author gives the impression that the only way 
a transformer can be damaged under impulse con¬ 
ditions is by breakdown of the major insulation, ^e. 
.a fault between the h.t. and l.t. windings or td earth. 
He neglects the other type of breakdown which oc^rs 
between turns or between coils, and thus, on a S 3 rstem 

where the major insulation of the transformer^ is 

so designed that its breakdown vplinge is greateir than 
the flashpver voltage F of one of tiie weak Imh 
bushing, surges whose ttiaximum values axe less than F 
i :niay: Still cause the inter-turn type of breaJ^^ 


even—^as a previous speaker pointed out—cause break¬ 
down of the major insulation due to the cumulative 
damaging effect of travelling waves. It is therefore 
my opinion that transformers may break down under 
impulse conditions even if they are designed to stand 
the 1-minute test for fully insulated transformers; o^er 
factors must be taken into consideration in their design. 
I should like to amplify the author*s remarks regarding 
the property which condensers and choking coils have 
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Capacitance of condenser, /x? 

Fig, a. 

of reducing the over-voltages passed on to transformers. 
The amount of amplitude reduction to be expected from 
the use of a practical and economical size of condenser 
and choking coil is not very great, and in this con¬ 
nection Figs. A and B have been prepared. They 
show the calculated reduction in the amplitude of a 
traveUing wave for (Fig. A) condensers whose capacitences 
range in value from zero to 0'016 ftP, and (Fig. B) 
choking coils whose surge inductances range from zero 
to 6 000 /iH. The curves have been obtained from the 
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values of the families of transmitted-voltage 
curves given by 


0-98 — 8*70 


(•e(- 0-06 X IQH) _ ^ 


0*98— 2*66 X 10^^ 


j-gC- 15x1060 - ei- X ion)/ci 


^ '• ' rg(- 0-05 X loot) — eC- 7-0 X 1080 / 2 ^] 

0*98 - 7*1 X 10“^ 

^ rg(- 16 X1060 — eC-^-O X 1080/-&] 

"■ 0-98 — 2*06 X ^ 

plotted as functions of G and L respectively, and the 
Ravelling wave on which the calculations were based 
rose to its crest value in 0*4 microsecond and fell away 
to half crest valne in 14 microseconds. It will be seen 

that for a commercially-possible condenser capable of 

withstanding the which axe likely to be 
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met, the reduction in amplitude is very little indeed, 
and for waves having longer backs than that which 
has already been considered (the cathode-ray oscillo¬ 
graph shows that longer waves do occur in practice) 
the amplitude reduction will be considerably less. The 
^me remarks apply to the choking coil, although other 
important factors have to be considered in this case. 

Mr. M. W. Singer: In spite of what some of the 
previous speakers have said in favour of the condenser 
type of bushing, I still believe that there is a great 
future for the all-porcelain multi-tubular type. The 
considerable amount of labour involved in dismantling 
the condenser-type bushing in the event of failure, in 
order to locate the fault, is an important factor which 
should be taken into consideration. On page 320 the 
author points out the dangers and disadvantages of 
filling with compound, and yet one or two pages after¬ 
wards he states that certain types of what he caiic 
all-porcelain " bushes are filled with compound. I 
am of the opinion that he has not heard of the type 
of all-porcelain bushing manufactured by. Hermsdorf- 
Sdiomberg and Go., Germany, in which the interstices 
between the tubes of porcelain are filled with porcelain 
in the fluid state which afterwards hardens and forms 
one solid porcelain insulator. As regards the popukxity 
of ^1-porcelain bushings, some valuable experience of 
their use has been obtained on the Continent over a 
number of years, and in the very severe winter of 
1928-29 these bushings successfully withstood the 
extreme and abnormal temperature conditions. With 
regard to the rainfall statistics on page 332, I notice 
that Manchester is not included in the table. I do not 
understand why these figures of heavy rainfall were 
incorporated in the paper when such important factors 
as salt deposits, snow, fog, etc., were omitted. I am 
interested in the question of the production of an 
absolutely oil-tight joint. The author appears to get 
over the difSculty by making use of both cement and 
a ^ket, evidently hoping that the deficiencies of one 
wiU be compensated for by the advantages of the oth er . 

Ml*. P. W. Taylor: The comprehensive way in which 
ae author attacks the problem of bushing design, and 
the simple formulae and curves given in the paper, 
make it appear at first sight that bushing design is a 
comparatively simple matter. For instance, on pages 
312 to 314, formulae are given for the potential gradients 
in various dielectrics on the assumption that the elec¬ 
trodes are concentric cylinders. Whereas this is true 
at some places in the bushing, there are other places 
where the assumption breaks down because there is a 
Mmponent of the field in an axial direction. Whilst 
tms is not very important as regards porcelain, special 
care IS ne^arywhen dealingwith laminated material, 

® Also critical gradients for air are 

tather indeterminate in enclosed places, and other 
factors such as the inconsistency and ageing of materials, 


and distortion of the field by deposits on the porcelain, 
all have their effect in nullifying theoretical assumptions. 
The author will no doubt agree that bushing design 
does not consist solely in the derivation or application 
of formulae, valuable though they are; the important 
factor is the ability of the designer to determine how 
near the actual conditions in the bushing approach the 
ideal of the formulae. Correlating the transformer 
insulation and bushing characteristics in the manner 
adopted by the author in the first part of the paper, 
would prove of no little value to the purchaser or con¬ 
sultant, and to the transformer manufacturer. In my 
opinion there is room for more investigation in tlus 
direction. When comparing the transformer and bush¬ 
ing insulation, however, the author does not make it 
quite clear whether he is referring to the major insula¬ 
tion (i.e. between winding and earth) or to the internal 
insulation between turns, layers, and coils. From the 
surge standpoint the latter is much the more important 
since the stresses between turns may be as much as 
200 times normal, whilst the stresses to earth are of the 
order of 10 times normal. The amount of insulation 
necessary to protect against over-voltages due to surges 
therefore bears no simple relation to the test voltage 
on the transformer, and additional tests are necessary 
to correlate the strengths of the transformer and bushing 
insulation under transient conditions. In connection 
with the testing of bushings, I am surprised that the 
au-toor makes no reference to the Sobering bridge test. 
This is ^rhaps to be accounted for by the fact that he 
deals with porcelain and not with paper condenser 
bushings. The Schering bridge test is now recognized 
as of prime importance for most bushings in determining 
their quaUty before they are tested in the usual way, 
and also for ascertaining whether the voltage test has 
damaged them in any way. Unless a Schering bridge 
test is to follow, it is useless to test a bu.shing to an 
abnomaUy high voltage. Fig. 11 would be more 
valuable if the^ author stated the temperature and 
pressure of the air, whether it is enclosed or free, and the 
breakdown voltage of the oil in the standard test cell. 

As regards the question of puncture voltage (page 314) 
i^^arife in the conductor, dust, etc., will encourage 
me formation of. streamers when the air brealis down 
ttus presenting needle-point electrodes to the porcelain 
iM^d of a cylinder of radius Under these con¬ 
ditions breakdown of the porcelain will occur much 
earlier. A bushing which the author has omitted to 
mention, and which is really a hybrid of the oil-filled 
Md the condenser types, is the oil-filled condenser 
bushing consisfang of dry paper insulation having 
foils wound in the usual manner of condenser bushings! 
ae whoto being impregnated in oil. This type has all 
ae ^^ble prop^es of the oU-fiUed cable as regards 
«“^““ess of dimensions, etc., 

without the disadvantages of bakelized paper. 


^Mr. A.i O. Austin («)»»>»i«wicafea) : In this discussion 
of ttepa^r it is assumed that the scope of the latter is 
such that it is impossible to cover the various types of 


Further Contributions to the Discussion. 


mns^ction in sufficient detaff to aUow for material 

SS® practice. Many factors are 

involved m the design and construction of bushings, so- 
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that a discussion must usually be limited to a definite 
size and t 3 rpe, otherwise contradictory results might be 
cited, tending to disprove observations which might 
be correct for another size or a slight modification of the 
bushing. The effective insulation of transmission lines 
has increased materially in most parts of the world 
during recent years. This has necessitated much higher 
flash-over values for bushings than those shown in 
Table 8. The flash-over value of the bushings at normal 
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Time from crest to flash-over, microseconds 

Fig, C.—Tmpulse-voltage/tinie-lag characteristics. 

Curve A. Negative impulse test on bushing {a). 

Curve B. Negative impulse test on insulator strmg (6). 

Curve C. Positive impulse test on bushii^ (a). 

Curve D. Positive impulse test on insulator string (6). 

Curve E. Negative impulse test on ins^ator steing (c). 

Curve F. Pomtive impulse test on insulator string (fi). 

frequency is usually not so important as the relative 
time-lag for bushings and other station insulation under 
a high«-voltage transient. Under an impulse voltage the 
relative characteristics of the bushing and other insula¬ 
tion may vary considerably from those indicated by the 
arcing voltage at normal frequency. Fig. C shows the 
impulse-voltage/time-lag characteristics of a llO/140-kV 
oil-filled bushing insulator and two suspension insu¬ 
lators, for impulses which rise to the crest value in J 
microUcond and then fall to half the crest value in 
100 microseconds. The desire to use a small diameter 
and to avoid radio interference has led to the almost 
total abandonment of bushings employing a zone of 


air for insulation, except for a lower voltage. One 
objection to using an air zone is that under a transient 
the air zone breaks down, robbing the bushing of a 
large part of the insulation just when it is most needed. 
The filling of a space by oil or compound, as indicated by 
the author's curves, is to be preferred. This gives rise 
to a material increase in the flash-over voltage, as 
indicated by Fig. 22. The advantage of placing a ring- 
type current transformer inside the bushing case is very 
material, particularly where the insulation is brought up 
over the current transformer. Used in this way, the 
lower end of the bushing is provided with much more 
insulation, a particularly valuable feature in circuit- 
breaker work. With this arrangement a larger diameter 
of the porcelain member may be used for the lower end, 
thus reducing the intensity of the electrostatic field. 
This is important, as a strong electrostatic field due to a 
small diameter or short length in the insulating member 
will tend to cause conducting matter to be precipitated 
and flash-over to occur in operation, even though the 
bushing may apparently have an ample factor of safety 
under test conditions. The increased insulation also 
reduces the danger of a hot pocket of gas shunting the 
insulating surface and causing a short-circuit. Wliile 
the above applies to circuit breakers, the same type of 
construction is particularly applicable to bushings used 
with transformers in which there is considerable space 
above the oil, as it enables the lower end of the bushing 
to be made much shorter without danger of a discharge 
occurring over the surface. As explained by the author, 
bushings equipped with a wound primary for the current 
transformer are being used where conditions are unusually 
difficult. Bushings of this type have been produced 
having a number of ratios for the current transformer 
ranging from 26 \ 6 up to 400; 6 amperes. This range 
would be exceedingly difficult to provide for in an 
ordinary type of current transformer with a busWng 
having a flash-over voltage of 476 kV. In addition 
to the current transformer, the bushing is provided with 
a capacitance tapping. The coupling plate for this is 
placed between the current-transformer secondary and 
the main core of the bushing. Owing to the large amount 
of energy available from a wound-primary current trans¬ 
former, it is possible to design such a transformer so 
lhat it has a good output even for small currents. Phase- 
angle and ratio corrections can be made over a wide 
range of current in the primary by the use of series or 
shunt impedance, which may be applied to either primary 
or secondary. The capacitance coupling method yfos 
used some years ago for voltage indication and syn¬ 
chronizing, and more recently it has been widely used for 
relay operation. As the author remarks, the use of the 
capacitance tapping for obtaining a voltage eliminates 
the hazard of a potential transformer and tends to give 
much greater reliability. The use of the capacitance 
coupling for metering is subject to certain limitations. 
Normally the voltage obtained from a capacitance 
coupling with a step-down transformer has an angle of 
lead of 60® or 80®. It is, of course, possible by the use of 
shunt or series impedances to bring the voltage of the 
capacitance coupling into phase with the voltage of the 
high side. In general, however, the voltage may be 
taken from one of the other phases, so that only a 
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small phase-angle correction is necessary. It is evident 
that the characteristics of the capacitance coupling will 
be entirely different from those of a potential transformer, 
and unless this is recognized errors may result if either is 
used for metering purposes. Improvements in wave¬ 
form materially reduce the error. On some systems it 
is possible, by applying a factor or adjusting the coupling, 
to use the capacitance coupling for metering purposes. 
While the general use of the capacitance coupling for 
such purposes may be questionable, there are many 
applications where a high degree of accuracy is not 
necessary and which will not warrant the installation of 
potential transformers, owing either to the increased cost 
or to the greater hazard. The use of the capacitance 
coupling for load dispatching or telemetering installations 
is auother application of bushings equipped with internal 
current transformer and capacitance couplings. While 
i^ere are certain limitations as to the capacitance coup¬ 
ling, it seems that the development of the internal current 
transformer with wound primary would make it possible 
to improve station design. The large output which may 
be obtained regardless of the current in the primary and 
the high voltage involved, makes it possible to use 
additional apparatus which would overload a current 
tmnsformer of the ring type. By using a considerably 
higher voltage on the secondary the size and cost of the 
leads can be greatly reduced. This is particularly 
impoirtant where the switchboard or.control apparatus 
is located at a distance from the current transformer. 
The internal current transformer having a wound primary 
has a particular application for interconnections where 
the current may vary over a wide range and may even 
reverse. The improved metering equipment for points 
of interconnection will enable interconnections to be 
made to advantage which are practically out of the 
question at present, owing to the cost of metering at a 
high voltage. The voltage gradient over the surface 
has much to do with the relation between the dry and 
wet arcing voltages for the bushing. A bushing with a 
rather poor stress distribution may have its gradient so 
improved in the rain or wet that the flash-over 
voltage when wet will be approximately the same as, or 
even higher than, that when dry. This is particularly 
true where the artificial rain and conditions are such that 
the surface of the bushing will not become hot. It must 
be remembered that the charging current is materially 
m advance of the voltage, and that an appreciable drop 
in voltage may be developed over wet surfaces. The 
wet :^h-over voltage is therefore not necessarily a 
function of the so-called wet "striking distance" for 
most designs. In fact, many bushings will give a 
higher wet flash-over voltage when the wet striking 
<Hst^(^ is reduced so as to prevent over-sbress or 
/'priming" of a zone which is carrymg too high a 
voltage. In general, high wet flash-over voltages are 
more easily obtained with bushings having small flanges. 
The loss due to surface leakage, however, is generally 
higher with bushings of this type at normal operating 
voltages. A smaU heating element placed insi^^^ the 
shell of an oil-filled bushing will greatly reduce the 
lealmge loss^ and. improve the reliability of the bushing 
where it is hkely to be subjected to severe fogs, salt, or 
dirt. Ntoerous t3^es of bushi^ 


successfully used over a period of years are likely to 
cause radio trouble and therefore cannot be employed 
at the present time in many districts. For some years 
manufacturers have been gradually increasing the flash- 
over voltages of bushings in order to prevent interrup¬ 
tions. Higher flash-over voltages will undoubtedly be 
used as means are found to increase the ability of appa¬ 
ratus to withstand high-voltage transients. Bushing 
specifications should be given careful consideration, as 
a severe specification may result in a poor design. 
Some designs of bushings which can withstand very 
severe transients will fail at a comparatively low voltage 
in a normal-frequency test where the voltage is applied 
for a length of time suf&cient to cause breakdown due to 
a pyro-electric effect over the surface. A specification 
calhng for a very high wet flash-over voltage may result 
in a bushing which has higher losses under conditions of 
•rain at the normal operating voltage. Specifying an 
unnecessarily high current-carrying capacity in the 
bushing, or the application of a very high voltage for a 
considerable length of time, may necessitate the use of a 
larger diameter of lead, which will increase the gradient 
or surface stress on the outside of the bushing. This 
may make it necessary to use a larger or more expensive 
bushing without any improvement for operating con¬ 
ditions. One of the greatest difficulties in the design or 
manufacture of bushings, particularly those of large size, 
is to prevent cracking under operating conditions owing 
to differential expansion between the dielectric and the 
metal, or to shock in the case of circuit breakers. During 
the last 3 years bushing design has been so improved 
that the ability to withstand shock and thermal stresses 
is such that not a single large-size bushing has been 
lost, eilher in shipment or in operation, by the company 
with which I am associated. As the above applies 
pa^cularly to Circuit-breaker bushings having net 
weights from 1 600 to 2 500 lb., designed for operating 
voltages from 196 to 220 kV, it will be seen that the 
problem of building and shipping smaller and lighter 
bushings is easy nowadays compared with what it was a 
few years ago. 

Dr. H. von Treufels {coMinufiiccttsd) i In regard 
to the relation of the flash-over voltage in oil to the 
flash-over voltage in air the author states that for smooth 
porcelain a factor of 2*5 should be applied, and that 
this factor should be a trifle higher for ribbed porcelain. 
This agrees with my experience. For purposes of cal¬ 
culation I generally employ a factor of 3. It is, more¬ 
over, customary in Germany to fix the flash-over vol¬ 
tage in air of the oil end of the bushing at 200 per cent 
of the working voltage. I agree with the author that 
the dry flash-over voltage depends upon (a) the dry 
flash-over distance, (b) the radial dimensions of the 
bushing, and (c) ihe nature of the dielectrics. I would 
point out that ^cording to Toepler the " gliding spark 
voltage " (" Gleitfunkenspaiinung ") at which short, blue, 
gliding discharges appear, may be computed from the 
formula „ ■ 

where d «thickness of insulating sheath, and /c 
-^specific^inductive capacity of insulating material. 
Thia calculation seems to me of importance inasmuch 
as the dry; ^ashrover voltage may be adversely affected 
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by an essentially lower gliding spark voltage. The 
formula is very useful to the designer of multi-tubular 
bushings incorporating the condenser principle, as it 
enables hinn to satisfy himself that a normal relation 
exists between the thickness of the porcelain and the 
length of the bushing. For such bushings the gliding 
spark voltage of the entire bushing is easily calculated 
BS it represents the sum of the gliding spark voltages 
appertaining to the separate cylinders or tubes. The 
curves reproduced in the author's Fig. 21 agree with 
the results of our investigations. In regard to the 
problem of oil-tight bushings, it is possible to construct 
the gaskets without using cement. For this purpose 
the porcdlain. parts require to be provided with bevelled 
shoulders at their flange ends, serving as seats for 
gasket and flange. In Fig. D(fli) I have combined the 
gasket designs of Figs. 26 and 27 with the cementless 
type mentioned above. Investigations are now being 
made into the question whether cork linoleum or klin- 



‘gerite is the more suitable for packing purposes. The 
following are the unique advantages of all-porGelam 
' multi-tubular bushings embodying the condenser feature. 
»(i) No oil or explosive insulating.material.used, (n) 
Smalls diameter of hushing, (iii) Mindmuin height of 
insulator part in consequence of favourable distribution 
•of stress, (iv) Porcelain only employed as insulating 
material: no cementmg material used, (v) Simple and) 
.dear calculation of the stress to which the separate parts: 
are subjected, (vi) Insulation divided hito separate 
•elements, thus enhancing reliability of the bushing in 
service. Brehminary test of the separate oyhh^ 

tubes can be made by subjecting them to over-voltages.= 
(viii) Possibility of making direct connection between 
measuring devices and the layers* or deposits on 
surface, of the. porcelain, (ix) Maximum mech^c^^ 
resist^ce to bendmg and axial pressure, (x) Simple- 
mounting. Improvements in manufacturing methods 
.and further practical experience win greafly enhance 

these advantages. . . , niir -kt • 

Mr. W. J. John reply) : ! agree mth 1^^ 
that the present desi^ and construction of bushings 
.are based oh operating esqierience rather thmi on fun-= 
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damental principles, and I have attempted in the first 
part of the paper to do something to improve this state 
of affairs. The great difhculty, as Mr. Norris points 
out, is in allowing for the effect of surges due to li^t- 
ning and other causes. He is of opinion that bushings 
should be identical whether the transformer insulation 
is graded or. not; although I must confess to a con¬ 
siderable de^ee of sympathy with this point of view, 

I believe fliat on the whole a better procedure is that 
advocated in Table 9, where different. characteristics 
are suggested, depending upon whether or not the in¬ 
sulation is graded. The 1-nunute tests are different for 
the two types, and hence the bushing characteristics 
associated with them are also different. By a correct 
choice of line-insulation characteristics (see page 304) it 
is possible to reduce the magnitude of the incoming 
surges to a value which the graded-insulation bushing 
can withstand, thus enabling , a cheaper bushing to be 
employed. While this may become important at the 
higher voltages, say 66 kV and above, up to 33 kV I 
agree with Mr. Norris that all bushings should be 
identical whether iheir transformers have graded in¬ 
sulation. or not: the saving in cost is not sufficiency 
important to overcome practical obj ections to increasing 
the number of standard bushings, Mr, Norris's dis¬ 
cussion of the different surge breakdown chanractexistics 
of air and solid insulation is valuable. I do not agree 
with his statement that the ^ microsecond which elapses 
before a reflected wave causes flash-over at the nearest 
line insulator is so short that no damage results. Its 
possible effect on the solid insulation is pointed out by 
Mr, Norris himself earlier in his contribution. 

Mr. Ashley is disappointed because I have given little 
information regarding the condenser-type bushing (page 
318). The design and construction of this t 3 ^e are so 
distinctive that any attempt to deal with them ade¬ 
quately would have made the paper unduly long. I 
should lilte to make it perfectly dear, however, that I 
in no-way disparage or undervalue condenser bushings. 
The paper makes fair statements regarding the relative 
advantages and disadvantages of this type of bushing, 
and none of. these statements can be correctly classed 
as " unfortunate." Whereas condenser-type bushings 
have given trouble in the not far-distant past, ^uble 
with oil-filled bushings has been very rare : X do not 
agree that the past record of condenser-type buslungs 
of all. makes is as good as that of oil-filled bushings. 
Ihe modem condenser-type bushing is-, however, aas 
excdlent product, and the operating record of an average 
bushing of this type* will in the future probably ^ 
good as: that of an average bushing of any compemyve 
type. The statement in the paper regarding the relative 
costs: of the different types is a generalization, and_ I 
agreed with Mir. Ashley that the comparison may be 
affected when extra features axe included:. It is true 
that the safety of the oiLfilled bushing depends upon 
the oil remaining in the porcelain top and bottom shel^, 
and the function of the gauge glass is to afford visible 
indication that the off is^ so remaining, 
which may occur wall' be very slow, arid the fall of the 
oil-level should be noticed in ample time to prevent 
any damage. What Mr. Ashley clainis for the broken 
porcelain rain-sheds of a condenser-type bushing can 
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be chimed even more positively for a leaky oil-filled 
bushing; with a slow leak “ the bushing would still 
operate satisfactorily and thus allow time for alter¬ 
native supply arrangements to be made.” His queries 
regarding Tables 20 and 22 have been answered in the 
reply to Mr. Abell's contribution to the London dis¬ 
cussion (see page 333). The use of the word " paxolin ” 
m the paper must be regarded as a convenient abbre¬ 
viation of “ synthetic resin varnish-treated paper.” It 
is pointed out. on page 3H that paxolin is taken as 
being representative of this type of insulation. 

Wt. Fennell’s remarks are particularly valuable as 
coming from a user rather than from a manufacturer 
His experience with oil leaks is. I beheve, shared by 
many users of outdoor transformers having conservators. 
This trouble is being given careful attention by manu¬ 
facturers, and a bushing can be produced which is 
completely oil-tight at both the flange and the top cap 
surrounding the centre conductor. The great trouble 
is ttat so many factors are involved that it appears 
to be impossible to obtain by a reasonably simple com¬ 
mercial method a joint which is consistently oil-tight. 
^ 12 joints made by commercially identical processes 
10 may be good and 2 bad. A further hazard is intro^ 
duced by the stresses placed on the joints in the process 
of connecting the leads to the completed bushing I 
agree with Mr. Fennell that a metal ring cemented 
TO Ihe iMulator is the proper medium for connecting 
the bushing to the transformer tank. As stated in my 
reply to Mr. Norris, I also agree that up to 33 kV no 
distinction should be made in the bushing whether its 
traMformer has an earthed or an insulated neutral. 

I support Mr. Robertson’s opinion that any assump- 
rion as to the resistivity of the water used in the wet 
flash-over tests is dangerous. The resistivity should 
a^ays be checked, and simple instruments are obtain- 
able for measuring it quickly and accurately. Full 
oe^^ of wet tests axe given in several specifications.* 

^ The question of impulse figures raised by Dr. Miller 
M very interesting, and much information regarding 
It IS arouniulating as a result of modem research 
work. Much still remains to be cleared up, however 
and agreement has not yet been reached concerning 
such impor^t matters as the shape of the impulse 
wave ei^enenced in practice and how fax laboratory 
tests m^e by means of surge generators and cathode- 
ray oscillographs actually reproduce any desired wave- 

the effect of surges on the inter-tum insulation as 
distinct from the major insulation is important, and 

transformers may break down under ; 
iinpulse^con(htion3 even if designed to stand the 1- 

insulated transformers shows the s 

iroportaxice attactog to a study pf this inatter. I return i 

to to iSUbject in my reply to Mr. Taylor. I thank £ 
Dr. Miller for mdudmg m his contribution to the dis- i 
c^on ^ account of some valuable work on the effect t 

fTOductences and condensers in reducing over-voltages. 

Bto. Singer beheyes m the future of the all-porceLn r 
i exSueiA ^ of bushing. While this is undoubtedly t 

voltages much m excess of 66 kV (see Fig. 38). ^The T 

* B.JS.S. No. 23J—.1931, p, 12 . . ^ n 


d all-porcelain multi-tubular bushing incorporating the 

11 condenser principle retains aU the advantages of the 

plain multi-tubular t 3 q)e and very considerably reduces 
s its disadvantage of excessive bulk. Regarding com- 
e pound filling, this is perfectly satisfactory provided the 
I- correct kind of compound is used and a certain technique 
is adopted. I am not acquainted with the type of all- 
- porcelain bushing manufactured by Hermsdorf-Schom- 
t beig and Co., in the manufacture of which porcelain 
5 in the fluid state is used, and I therefore cannot express 
any opinion concermng it. The figures of heavy rain- 
3 fall were included in the paper because of all the at- 
. mrapheric conditions which affect bushing performance 
’ rain was the only one for which information was avail¬ 
able in statistical form. Appendix IV justifies the rate of' 
precipitation used for the artificial rain tests in Section 2. 

I am in complete agreement with Mr. Taylor’s sum¬ 
mary of the reasons for exercising caution when attempt¬ 
ing to dMign a bushing from formuke and curves. Mr. 
Taylor, like Dr. Miller, draws attention to the necessity 
for dis^guishing between major insulation and internal 
imulatton. The formula (page 303) connecting surge 
strength of complete transformer and 1-minute trans¬ 
former test is based on operating experience and there- 
fore deals with the transformer insulation as a whole 
both nmjor and internal. It assumes that the internal 
motion of transformers tested to the 1-minute test 
valuw specified in B.S.S. No. 171-1927 foUows normal 
practice, smce the formula is, of course, a generalization. 
Regaxdmg Schering bridge tests, these were not included 
Realise—as Mr, Taylor suggests—the paper does not 
m detail with condenser-type bushings, and it is 
only for these that the Schering bridge has been used 
commCTCi^y. The electric strengths of air and oil 

from results obtained by 
Feefc The axr under test was enclosed between con- 
centnc cyhndeis open at both ends. The temperature 
pressure 76 cm of mercury. When 
t^ted between standard discs 0-6 cm apart the oil 
withstood 68 kV (max.) at 26'C. The effect on the 
punctee voltage of the various factors mentioned by 
Jm. Taylor is allowed for because the values for the 
dectec strength of porcelain tubes were actually ob- 
I *®sfr on bushings. These bushings were 
t^ted when made for ordinary operating conditions, 
^d so. If preferred, the equations used for the deter- 
mmataon of puncture voltage (see page 314) may be 

^®'“S obtained from analysis^ 
of t^t r^ulte. The " hybrid ” oil-fiUed condenser-W 
bushmg m interesting, but it is not described in the pa^ 
b^use de^ of condenser-type bushings are on£t?d. 
se^vtw*> ® contabution is particularly welcome, 

wh^L^s ^ American authority 

who^ has had unrivalled experience of high-voltage in- 

S fh ^1 ^ paxticulaxly interested in the 

i^ormation he gives concerning the use of wound- 
prmaxy cu^ent transformers and capacitance tapping. 

V, ®®^®® a number of interesting re¬ 

marks ^ to ^man practice. He sets out very feirlv 
toe claims of toe multi-tubular all-porcelain Ashing 
mcorporaimg toe condenser principle of construction^ 
to ^y_^opmion this type of bushingto^ 
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AN EXPERIMENTAL AND ANALYTICAL INVESTIGATION OF EARTHED 

RECEIVING AERIALS.* 

By F. M. CoLEBROOK, B.Sc. 

[From the National Physical Laboratory.] 

{Paper first received 26th June, 1931, and in final form 16th January, 1932.) 


Summary. 

The paper is concerned with the behaviour of earthed open- 
aerial receiving S 3 rstenis. The analysis of such systen^ is 
based on the classical transmission-line equations, as modified 
by Moullin to apply to distributed excitation. 

Part 1 gives the theoretical formula so obtained for the 
case of a plain aerial with uniformly distributed constants, 
flTid the detail of the variation with frequency of the resistance 
and reactance components of the effective impedance of such 
an aerial. 

It is shown that successive resonances (i.e. conditions of 
zero reactance) are given by an equation of the form 

A = (47//n)(l + Ah^) 

where n is any integer and .4 is a small factor depending 
on n and on the attenuation constant of the aerial considered 
as a transmission line. The corresponding values of the 
resistance are shown to be i2^/2 (approximately) when n is 
odd, and a very high value when n is even, i? being the total 
effective resistance per unit length of the aerial. 

The actual variation of the impedance of a plain uniform 
aerial as a function of frequency was determined experi¬ 
mentally, and a detailed analysis of the results in relation 
to the theory is given. 

The observed variations of resistance and reactance are 
shown to be in substantial agreement with those deduced 
from the analysis, but it appears that the actual length of 
the aerial (/i) must be replaced by an effective length s, 
e being about 6 per cent of h. This is in agreement with a 
more rigid analysis by Abraham, and with experimental 
results obtained by Wilmotte. The observed aerial resis¬ 
tance was found to be mainly due to parasitic eddy-current 
and dielectric losses. It was reduced to less than one-third 
of its value by using a single-wire " earth screen.** 

The validity of the fundamental assumptions, to a useful 
degree of approximation, having been established by measure¬ 
ment, Part 2 of the paper is devoted to obtaining addition^ 
information by purely analytical methods. The analysis is 
mainly based on the case of a plain aerial divided into three 
parts in each of which a uniformly distributed e.m.f. is assumed 
to be induced, the intensities being different in the three parts. 

By an analytical manipulation of this three-part case a 
line integral formula is found for the effective e.m.f. induced 
in a uniform aerial by a non-uniform held (Section 7). The 
variation of the effective e.mi. induced by a uniform field 
is considered as a function of frequency and aerial height, 
and it is shown that no advantage is gained by making 
h > A/4 unless certain parts of the aerial are compressed 
(Section s). , , 

The relative, effectiveness of different parts of a receiving 

* The Papers Committee invite written communications, for consideration 
with a view to publication, on papers published in the without being 

read at a meetmg. Communications (except those from abroad) should reach 
the Secretary of the Institution not later than one month after publication of 
the paper to whi<i they relate. 


aerial is considered in Section (9), and it is found that in an 
U aerial short compared with the wavelength the addition 
of a down-lead from the open end nearly to the ground may 
actually increase the total effective e.m.f. in spite of the 
reversed e.m.f. induced in the added length. 

An earthed aerial of this shape with the vertical membera 
of length A/4 and the horizontal member of length A/2 is 
shown to have a figure-of-eight polar diagram with a law of 
the form cos (Jir cos 0) (Section 10). 

The effective e.m.f. formulae of the three-element case are 
applied to the Franklin suppressed half-wave construction 
and afford means of allowing for the effect of aerial resistance 
in this system (Section 11). 

In Section (12) the effective e,m.f. of the present formu¬ 
lation is related to the original conception of "effective 
height.*’ It is suggested that the idea of " effective height ** 
is one which has to a great extent outlived its usefulness. 

The analysis of a receiving aerial considered as a collector 
of energy from the incident wave is given in Section (13). 
The figure of merit from this point of view .is \ee\V^B> which 
is determined as a function of h and A. It reaches a maximum 
when Jh is very approximately A/4, and thereafter oscillates 
with rapidly diminishing amplitude. Considered as a collector 
of energy the suppressed half-wave construction will not 
apparently give an increase in useful power proportional to 
the increase in height, owing to the corresponding increase 

Current and potential distributions in receiving and trans¬ 
mitting aerials are discussed in Section (14), It is shorm 
that they depend on the distribution of the exciting field, 
and that the current distribution in a receiving aerial may 
be totally different from that in a transmitting aerial of the 
same height. Current nodes in a receiving aerial may be 
any distance apart from 0 to A, and are not necessarily 
separated by half a wavelen^ as in a transmitting aerial 
with a point source of excitation. 


Part I. 

(1) Introduction. 

The author has given in an earlier paper* ah analytical 
discussion of the behaviour of a receiving aerial, this 
paper being an extension and generalization of a paper 
by E. B. Moullinf on the same subject. A further 
degree of generalization was arrived at by R. M. Wil- 
motte.t Various formulas for the effective resistance and 
reactance of a receiving aerial were given in these papers, 
and also formulae for the effective height of the aerial 
under various conditions. A more general result was. 
also deduced anal 3 rtically and confirmed by experiment. 


* See Bibliography, (1). 


t (2). 


X Ibid., (3;. 
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namely, that the current at the base of a receiving aerial 
could be represented as the vector quotient of an effective 
e.m.f. divided by the vector sum of the tuning-circuit 
impedance and an effective aerial impedance. It was 
shown that the latter would be independent of the 
distribution of e.m.f. in the aerial and could therefore 
be determined by measurements made with a locally 
induced e.m.f. . 

Since the above papers were written a method of 
measuring resistance and reactance at radio frequencies 
has been developed at the National Physical Labora¬ 
tory.* The method is very conveniently applicable to 
the measurement of aerial impedance and it was decided 
to make measurements on a small receiving aerial with 
a view to toding out how closely the simple transmission¬ 
line equations that had been used in the analysis repre¬ 
sented the actual state of affairs. At the same time the 
anal^ical side of the subject was further extended, 
particularly with a view to arriving at a practical general 
formula for the effective e.m.f. induced by a non- 
uniform field, and also to arrive at some knowledge of 
the . current distribution in an aerial under transmission 
and reception conditions. The paper records the pro¬ 
gress made in these directions. 

(2) Analysis of the Variation with Frequency of 
THE Impedance of a Plain Aerial. 

This ^ subject has already been considered to some 
extent in the earlier pap^ referred to in the first Section, 
but the most important features will be re-stated here 
for convenience of reference, and developed in a form 
smtable for ei^rimental verification. 

• is assunied to have a uniform resistance, 

mductance, and capacitance per unit length, represented 
y the symbols JX, L, and O. This assumption is 
obwously open to question both as to the uniformity 
^d to the precise significance of the S 3 mibols R, L, and <7. 
^e question of significance need not be considered at 
this stage. It will be sufficient for present purposes to 
TOMider the symbols as being virtually defined by the 
oraerential equations in which they appear—^to regard 
them, ^t is to say, as the coefficients of the *' in phgpe " 
and in quadrature ’’ potential differences assumed to ' 
^t in the differential elements of the conductor. ^ 
These^coefficiente will be assumed uniform because it is ] 
on^ of the objects of the investigation to find to what I 

e:rtenttto assumption, known to be inexact but without < 

which tte equations are practicaUy impossible to solve, ! 
is a sufficiently close approximation to be useful. ‘ 

TOe aerial is assumed to be of total length h and to I 
be Connected to earth through an impedance Z„. It is 
sitaated m ah electric field the precise configuiation of I 
which need not be specified at this stage, beyond stating 
^t its variation with time is sinusoidal, with pnlsa- ^ 
^ce (o. As shown in the earlier paper, the current at 

toe base of the aerial can be represented in the vector 
lorai 


an effective aerial impedance which is independent of 
the field and is thus a characteristic of the aerial alone. 
For the present we shall be concerned only with this 
quantity Zg. It is of the form 

Zg = ZcottkPh .( 2 ) 

where ^ jcx)0(B ^ jcoL) .(3) 

and Z^PKjcoq .( 4 ) 

Writing P = a + the components a and depend 
on the constants X, G, and M as follows. If be 

neglected compared with 1 


“=fV© ■ 

j8 = (oV(IjO){i Jr 


If in addition B^J(8co^L^) is negligible compared with 1, 
we have the simpler result 

P = a>V{LC) .( 7 ) 

Under the conditions of the second approximation, if 
Z = a+jb . 


-© 


6== _ 




The separation of Zg into its resistive and reactive 
components Rg and Xg presents no difficulty. It gives 

_ J? ^sinh2afe-gsinBgA 

* 2o^ cosh 2ah — cos ‘ ' 

^ 1 asinh2aA -f j8sin2 i8A 

* mO cosh 2ah — cos 2j9/» ' ' 


w;l^e e. is an effective e.m.f. depending on the constants 
and configuration of the aerial and of the field, and Zg is 
. : : . * See Uibliogtaphy, (4). 


The above are exact formulae. In making any approxi¬ 
mations some care must be exercised. It is true that 
oA is smaUin many, if not most, practical cases, but the 
^A_tenns vanish periodically, so there will always be 
regions where the oA terms, small though they may be 
we the principal factors. Further, it will be appm-ent 
noin the consideration of actual magnitudes in a later 
Section that there will be many cases where the oA terms 
are not negUgible compared even with the maximum 
values of the other quantities. With these reservations 
however, we can form some idea of the general character 

frequency by assuming 
that a A2 is small compared with I, to that 2oA can be 
written for sinh 2ah and 1 for cosh 2ah, Then 

2^A{l -cos2j5A) * • • 

^cept when cos 2^Ai s in the neighbourhood of unity 
^us apart from the variation of iX itself with frequency' 
Rg will vary with frequency in the manner of the function 

■' ^ sin 0 

cos 0) v'-.-r;--; 
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which is shown plotted in Fig. L (The infinities of this 
function are regions where the approximation is no 
longer valid.) The observed variation of is of this 
character, but, as will appear later, it is complicated by 
the fact that B itself increases with frequency. It 
shoiild be noted. that the function has the limiting 
value If when ^ 0 , corresponding to the fact that 

Bq tends to the limit Bhl^ when the aerial is small com¬ 
pared with the wavelength. 

In a similar manner the expression for Xg can be 
approximated to 

_ . j3/isin2j3fe -f 2a^h^ ^ 

® ~ coOh 1 — cos 2 ] 8 h + 

and except in the region where 1 — cos 2^h is nearly 
zero, this approximates very closely to 

Thus the general character of the variation of the 



0 ( RAOIANS) 


reactance is that of the variation of - cot using 0 
in the same sense as above, but the effect of the resistance 
terms is to convert the ± discontinuities into a very 
steep variation between finite limits. The variation is 
illustrated pictorially in Fig. 2. The observed variation 

of Xg is known to be of this character. 

The critical values of Xg and Bg will now be examined 
in more detail for comparison with obseryed values. 

(B) Discussion of Critical Values of Aerial Resis¬ 
tance AND Reactance. 

{a) The Resonance or Zero-Reactance Conditions, 

Since ■ n . 

1 asinh2ah + Psm2ph 

^ ^ ^ cosh 2ah — cos 2ph 
the condition for zero reactance is 

a sinh 2 a/i + jS sin 2^h = 0 ... ( 1 ^) 


No exact explicit solution is obtainable in general terms, 
but the solution is obviously of the form 

2ph = nrr + d .... (17) 

where d is small and n is any integer. The assumption 
that 0 is small leads by ordinary methods to the solution 

.... (18) 

' ' nir 

giving as the values of j 8 ft corresponding to zero reactance 

+ • ■ (l») 

It will be convenient to express J3 m terms of A. For 
this purpose we have, from the definition of a and p, 

j82 = H-.... ( 20 ) 

If we now assume that the velocity of electric waves 
along a resistanceless wire is the same as that in free 
space, we have 

o}^LO = 4^IX^ .... ( 21 ) 

so that 

very approximately . (22) 

By a simple process of successive approximation we can 
obtain as the resonance or zero-reactance relations 
between h and A 

\ — —(1 — when n = 1 , 3, 6 , etc. . (23) 

n \ nrir J 

-5 whenn = 2,4, 6 ,etc. . (24) 

n\ rrrr I * 

The odd values of n correspond to the ordinary \ wave¬ 
length and f wavelength resonances (points and P 3 in 
Fig. 2). The even values of n correspond to the zero 
reactance points at the centre of the steep variation 
between the apparent discontinuities (pointe such as 
P in Fig 2). Thus the reactance is not infinite or very 
la^ge when the height is half a wavelength, but^ is 
actually zero, with very large positive and negative 
values on either side of this condition, ^e impedance, 
however, is very large in -this region, since is very 

* large. . . 

L It will be shown later that the correction terms in the 

above resonance relations are, in general, very sma 
^ parts in a. thousand only. The observed differences 
between A and 4 ^^ will be found to be due to ano^er 
c^use and not the inherent resistance correction given 

It is again emphasized, however, that in spite of the 
smallness of the correction terms they must be taken 
into account when the variations of the impedance and 
the effective e.m.f. under resonance conditions are being 
considered, for at certain of the resonances the vana^on 
with frequency is so rapid that the small correction 
terms are; actually the decisive and important ones. 
This is, of course, a general observation applicable to 

all analyses of resonances. Though the effect of the 

\) resistance terms may in general be negligible they become 
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the pnncipal determining factors in the neighbourhood 
of resonant conditions, so that any analysis of the 
behaviour of receiving aerials which neglected the resis- 
tance terms would be useless in relation to some of the 
most interesting and important features of the problem. 
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^ Vc7 - ± d~x 8 X 1010 • (26) 
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■m-v 0 cuX, • • (2®) 


d (b) Critical Values of the Effective Resistance. 

® In general 

B 2? = ^ ^ ~ ° 

2a^ cosh 2ah — cos 2ph 

So^ interest attaches to the values of R^ corresponding 
to the resonant frequencies considered in the preceding 
Section. In the case of the quarter wavelength reso¬ 
nances, R^ is not varying very steeply with frequency, 
^d the approximation A = 4A/n can safely be used 
This corresponds to 2^h = htt. n = 1, 3, 6, etc., and gives 

Tf _ ^ o sinh 2a7t 
* 2a)S ^ 1 + cosh 2a/t ' ' 

In the case of the half- and full-wave resonances R, is 
^ng very rapidly with frequency and is very large 
^ exact solution can be carried out by substituting llie 
relev^t resoiiMce condition in the general formula for 

K ^ ^ complicated result which cannot 

safely be approximated. 

h:= {2n + l)A/8 {n = 0, 1, 2, 3, etc.) 
which give for h = A/8 

— ^/tt) ^ 0*36m . . (28) 

and for h = 3A/8 

+ 2/7r) ?::i l*2lEh . . (29) 

etc. 

Sr comparison with 1. Finally 


^ i^RADlAMS^ 

Fig. 2. 

_^tain other particular values of the reactance are 
of mterest, namely those for which ^^^ance are 

2^A = (2n + 

“ A= (2n+ 1)A/8 

X . = _ , IL 1 


w «» 

xYPicAL Small Receiving Aerial. 

thf a'S^rri'e^h impedance betweo 

3/19 SWr terminals of a plain aerial o 

38 6 mlLt frft w" ^ ° 

aerial“oS?tS of t^^^ Th. 

29 m long at a hei^M ofSt 7-?^ 

the length being in a sloping llJd Writ 

and earth leads were • xv The aena 

wooden hut running mralS*t!r£'T®^ " 

tee aerial. ThT^gTS^a^^.^^te Part ol 
l«gth givenxW) “ 

*>»8 «1>. foot of fliy„, s hn,"®” 
The impedance of the aerial wi+it 
applied between the aerial and earths 
determined in the form teminals was 

te»b.a i. th. pap„ ">w i io. Yta 4e"SS? 

Why, over . ™ge „f ^ 200 lo^V OOT 
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Icilocycles per sec. The results axe shown in curve A 
of Fig. 3 (for and in Fig. 4 (for Z^). The reactance 
variation appears to be qualitatively consistent with the 


and it was found possible to apply a correction in a 
manner to be described more fully later on. The 
corrected reactance/frequency curves for an aerial of 


CuRVK A EFjrecTivc rbsistancb OK AeR.iAU(Re^ 

• ' Ji 

Curve. B Calcui^tcd apparc.nt VAuue of RK 


rRe9UCMCV, IN KilOCYCUKS per SKPDNO 

Fig. 3. 
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generally accepted simple theory, but the second branch length 38* 62«6 — 36•! m^ (i.e. shortened by the 

appears to have been displaced downwards. This effect length of the earth lead) axe given in Fig. 6. 

was eyentuaUy traced to the influence of the earth lead The data represented by curve A of Fig. 3 and the 


Fig. 6.—Aerial reactance curves corrected for efiect 
of earth lead. 
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curve of Fig. 4 will now be compared with the theory 

given in Section (3). ^ 


(5) Quantitative Analysis of the Measured Values 
OF Aerial Impedance. 

In order to explain the correction for the earth lead 
re erred to in Section (4) it will be necessary to describe 
method of measurement. Referring to 
^ig. 6, the measurements were made by determining 
the changes in the apparent constants (resistance and 
reac ance) of the coil when the aerial was con- 

nected at the point A, the earth lead being connected 
all the time. What was actually measured was, there- 
ore, + Zi (see Fig. 66), Z^ being the impedance of 
the aerial alone (38-6 - 2*6 = 36-1 m long) and Zi the 
impe ance of the earth lead as modified by the capaci- 
tance to earth of the screening cases of the condensers 


N/ 


N/ 


the true reactance of the aerial of length 38‘6 2*6 m. 

The curve of Fig. 6 was obtained in this way This 
process may perhaps be regarded as begging the question 
as to the cause of the displacement of the reactance 
curves, but a calculation based on measured and esti¬ 
mated data showed the magnitude of the effect to be 
quite consistent with the assigned cause. The following 
comp^isons of calculated and measured values are based 
on Fig. 6, which is taken to represent the variation 
with frequency of the reactance of an aerial of length 
A = 36*1 m. 

The observed variation of resistance will first be con¬ 
sidered, as resistance terms are involved as corrections 
in the resonance conditions. 


{a) Analysis of the Observed Variation, of Aerial Resistance, 
It was shown in Section (2) that, except for frequencies 
in the immediate neighbourhood of those for which 
cos 2ph = 1, the value of JB. is given by 


n _ - sin 2J3A 



The form of the expression emphasises the fact that 
Re depends on two factors—the first being the resistance 
per umt length multiplied by the total length, and the 
second a factor expressing the way that the current 
distribution controls the extent to which the first factor 
enters into the effective resistance. The first factor is, 
of course, not a constant with respect to frequency, 
it mvolves r^iation resistance, ordinary ohmic resis¬ 
tance, and dielectric and eddy-current losses in the 
surroundings. It will obviously be of interest to separate 
these two factors of Rg. Unfortunately B, and therefore 
the cureent distribution factor, involves JB as a small 
correction term, as already explained, but as a first 
approximation this can be neglected. We then have 
from the curve of Fig. 6 that 

2fih = ir when/ = 1 970 Idlocycles per sec. 


Fig. 6. 


and since on the above assumption ^ is proportional to / 


employed (shown dotted in Fig. 6a). The apparent 
zero-reactance conditions were therefore those for which 
^e reactance of Zg was equal and opposite to that of Zt 
Though the impedance of the earth lead alone would 
not have bten very large it was evidently very greatly 
mcreased by the parallel capacitance (7„ which was 
Mtimated to be of the ordw of lO-^ at least. , Unfor¬ 
tunately the very appreciable effect of the earth-1^ 
impedajice was not realized until the measurements had 
bTOn completed, br steps would have been taken for its 
mimmization. However, Ihe measurements having been 
^e, itwM decided to allow for the effect by assuming 
^t the displacement of the centre of symmetry of > 9 ^h 
branch of the reactance curve below the axis gave the 
^^tude of the reactance of the earth-lead system at 
tbe frequency concerned. This gave the origin and two 
qthet points through which to draw a line show ing the 
^ctahM of the earth-lead system as a function of 
^equen<gr, From this line the necessary correction was 
found ^d applied to the apparent reactance to obtain 



Thus can be found for any assigned value of/, and 
the corresponding value of the current distribution factor 
read from the curves of Fig. 1. Rh can then be found 
as a function of frequency. The result is shown as 
curve B in Fig. 3. Ibe dotted deviations from the full- 
hne curve are obviously associated with the region 

= *r, where the approximate formula is no longer 
valid. ® 

It appears that BA rises fairly rapiddy with frequency 

Actually measurements Were made at much bigT'Ar 
fr^uencies—^up to 10 000 Idlocycles or so (30 m)—but 
subsequent checks on the measuring apparatus revealed 
a possibihty . of error in the results and it was thought 
necessary to discard them. However, allowing for 4is 
possibiUty, it seemed that JBA tended to rise very rapidly 
at the higher frequencies and might possibly become an 
appreciable factor in the natural frequencies of the aerial 
under such conditions. 
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(Z>) Additional Measurements of Effective Resistance, 

For wavelengths long compared with the length of 
the aerial the effective resistance has been shown by- 
analysis to approach the value B^ = ^Bh, where B is 
the assumed uniform resistance per unit length of the 
aerial. 

The term J? is ol^viously a summation of all the factors 
which give rise at any point in the aerial to potential 
differences which are in anti-phase with the current at 
that point, and therefore includes ohmic resistance, 
radiation resistance, and dielectric and eddy-current 
losses in the surroundings of the aerial. Of these the 
ohmic resistance is the only one which is dependent on 
the actual material of the aerial, for a given length and 
configuration. Thus 

T> _ -^0^ I 

“ T “3“ 

where is the ohmic resistance per unit length and 
Be is a composite effective resistance representing the 
remaining power-dissipating elements. 

To get some idea of the relative magnitude of these 


tion as to the nature of the losses represented by 
the resistance of the aerial, the buried copper-plate 
earthing system was replaced by a single insulated wire 
running parallel to and underneath the horizontal part 
of the aerial at a height of about 1 m above the ground. 
The effective resistance was measured and found to have 
been reduced from 30 ohms to 9 ohms by this rudi¬ 
mentary form of screen. With the same wire lowered 
on to the surface of the ground the effective resistance 
increased to 108 ohms. With a small earthing pin the 
effective resistance was 160 ohms. All these results are 
consistent with the view that the resistance of an earthed 
aerial can only be minimized by avoiding, as far as 
possible, any concentration of electric field in the earth 
in the neighbourhood of the aerial. 

It is not possible to make a detailed comparison of 
the observed and calculated variation of B^ with fre¬ 
quency, since the necessary data are not available. 
There is some slight evidential value in Table 1, but 
a more satisfactory comparison of theory and observa¬ 
tion can be obtained by an analysis of the reactance 
curves, the necessary correcting factors due to resistance 
being determined from the observed resistance variation. 


Table 1. 


Aerial 

■K. 

(d,c.) 

RqH (a.c.) 

Re - (W3) 

3/19 S.W.G. enamelled copper ,. .. 

30 

0*35 

2*46 

29*2 

No. 34 tinned copper .. .. 

33*8 

16*8 

17*4 

28*0 

No, 47 d.s.c. copper 

138*5 

329 

329 

28*8 . 


terms, measurements were made of the effective resis¬ 
tance of the aerial at about 842 kilocycles per sec. (i.e. A 
about 9*4 times h) with conductors of 3/19 S.W.G. 
enamelled copper, No. 34 tinned copper, and fi.nally 
No. 47 double-silk-covered copper. The results were as 
given in Table 1. 

The values of BJi at the frequency concerned (calcu¬ 
lated from the me^ured d.c. values by applying the 
appropriate skin-effect correction) are also shown in 
Table 1. It will be seen that B^ — B^j^ is approxi¬ 
mately constant, consistent with the above simple 
analysis. 

It appears, therefore, that with the aerial of 3/19 
copper the resistance term is almost entirely due to 
radiation resistance and to eddy-current and dielectric 
losses in the surroundings of the aerial. Of this the 
radiation resistance is only a small part. Its value is 
calculable from the well-known formulae' and would only 
be about 0*6 ohm. Thus practically the whole of the 
aerial resistance in the case under consideration is due to 
purely parasitic eddy-current and dielectric losses. 

T. L. Eckersley* has shown how these losses can be 
minimized by the use of a screen of high-conductivity 
wires shielding the ground in the immediate neighbourr 
hood of the; aerial from the relatively concentrated 
electric fields in that region. His work was concerned 
with transmitting aerials but is equally applicable to 
receiving aerials . With a view to confirming the assump- 
* See Bibliography, (5). : 

,VOL. 71.; 


(c) Analysis of Observed Variations of Aerial Reactance, 

The resistance measurements are considered quite 
reliable up to about 6 000 kilocycles per sec., and the 
data obtained can be used for determining the effect of 
resistance on the critical reactance conditions corre¬ 
sponding to the lower natural frequencies of the aerial. 

The value of ah is derived from the value of Eh and Ch 
as follows. From the definition of a and j8 

2ajS = coCB ..... (31) 

From this can be derived 

- Gh,Bh . . . (32) 

The value of Ch (see below) is very approximately 
230 /x/xF, and, from the curves of Fig. 3, Bh is 110 at 
1 970 kilocycles per sec. 

Therefore 0*106 

Referring to equation (23), the correction term involved 
in the resonance relations between A and h is, for the 
fundamental resonance (n — 1), 2{ah)^l7t^, The value of 
this is 0*0022. Thus, so far as the critical reactance 
conditions are concerned, the resistance correction can 
be neglected to an accuracy of about 2 parts in 1 000. 
The correction will probably decrease with the order of 
the harmonic concerned, since appears in the deno- 
inihator, but since (o^)^ appears in the numerator and a 
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increases fairly rapidly witli n (i.e. with the frequency), 
it is not necessarily safe to assume that it is negligible 
at very high frequencies. This is a matter requiring 
further investigation. Up to w = 3 or 4, however, it is 
clear that we can use the simple relationship 


4:h 

n 


1, 2,3 


(33)* 


for the comparison of measured and calculated resonance 
conditions. The comparison is given in Table 2 in the 
form of observed and calculated values of A, assuming 
h to be 36*1 metres. 

The most striking feature of the results is that the 
difference between the observed and calculated values is 
about 6 per cent throughout. If the length were assumed 
to be 36*1 + 5 per cent, i.e. 36*1 + 1*8 = 38m, the 
observed and calculated values would be in agreement 
to about 1 per cent, which is about the probable accuracy 
of measurement. Thus the assumptions on which the 
analysis is based would appear to be valid to 1 per cent 

Table 2. 


n 

A (obs.) 

X(calc.) 

/(obs.) 

f (calc.) 

Percentage 

difference 

1 

metres 

152*4 

metres 

144*4 

kilocydes/sec. 

1 970 

kaocydes/sec. 
2 080 

5*2 

2 

76*0 

72*2 

3 960 

4 160 

5 

3 

50*3 

48*1 

6 970 

6 240 

4*2 

4 

38*5 

36*1 

7 800 

8 310 

6*2 


or so, provided the actual length of the aerial be in¬ 
creased by 1 • 8 m, i.e. the resonances are given by 




(34) 


€ being the above small correction term, presumably 
attributable to end-effect. This is analogous to the 
similar correction applied to the open organ pipe (i.e. 
+ 0-68 X radius of pipe). 

Wilmotte* found the result A « 4*2^ for a trans¬ 
mitting antenna 11 m high, the conductor being of cage 
form about 11 cm in diameter. He also states in the 
paper referred to that Abraham and F 6 ppl arrived at 
the figure 4 * 2 by a more rigid analysis than that given 
in this paper. The results of the present measurements 
are in very satisfactory agreement with Wilmotte^s 
measurements ind Abrahain and Fopprs calculation, 
for they give ; • 

’...A =!* 4*22/i - 

(Froin the agreement between the present measurements 
and Wilmotte's result it would appear that the end cor¬ 
rection is not critically dependent on the ratio of length 
to diameter of the aerial conductor.) 

Certain other points bn the reactance curves lend 
themselves to quantitative comparison of the theoretical 
and observed behaviour, namely those for which 
2 jSA s== ( 2 n l)-:ir/ 2 . As shown in Section 3(6), the 

corresponding reactances axe I/O x 3 x 10^®. In 
addition, w;hen ^ 0 , the reactance tends to -r l/a>OA* 




From reactance curves drawn to a large scale and 
corrected as already explained for the reactance of the 
earth lead, it was found that the reactances for these 
points with n = 0 and w = 1 (i.e. A = S/t and 86/3) were 
— 550 and + 530 ohms respectively, giving 0 as 0*061 
and 0 • 063 jit/iF. The corresponding values of Ch (taking 
h as the corrected value 38 m) are 230 and 239 jicjicF. 
At low frequencies Gh is found from the curve to 
approach the limiting value 227 /ijitF. The experimental 
curves are thus self-consistent to this degree. 

The general conclusion is that the analysis gives a 
satisfactory account of the behaviour of the aerial 
impedance as a function of aerial length and of frequency, 
provided the actual length be replaced by the slightly 
increased effective length (i.e. 6 + 0*056) as already 
explained. 

The analysis and the fundamental assumptions having 
been confirmed to this degree by experiment, we can 
now proceed with a certain assurance to the further 
examination of the subject, with a view to obtaining 
the maximum amount of information by purely ana¬ 
lytical methods. 

Fart 2. 

(6) Further Analysis of the Behaviour of a 
Receiving Aerial as Deduced from the 
Transmission-Line Equations. 

The work already described has established the fact 
that the classical transmission-line equations, with the 
assumption of uniform distributed constants, can be 
applied to the case of a receiving aerial, and that tlie 
results so deduced will be in agreement with observation 
to an approximation sufficiently close to be practically 
useful. In this second part of the paper, therefore, the 
purely analytical examination is continued, and infor¬ 
mation is obtained on the followirg points:— 

[а) The magnitude of the e.m.f. induced in a plain 

aerial in a non-uniform field. 

( б ) The nature of the variation of the induced e.m.f. 

with aerial height and with frequency. 

(c) The ej 6 &ciency of an aerial as a collector of electrical 

energy from an electric field. 

(d) The difference between the current distribution in 

receiving and transmitting aerials. 

It happens that for the above purposes it is necessary 
to consider the case illustrated in Fig. 7, i.e. an aerial 
assumed to have uniform distributed constants, but 
divided into three distinct parts, of lengths and 63 , 
as far as the inducing electric field is concerned. In 
each part it is assumed that a uniform electric field of 
intensities e^, 63 , and of pulsatance o), acts along the 
respective parts of the aerial. The analysis of this case 
is naturally somewhat laborious, but does not differ in 
any essentM respect from that of the simpler case and 
need not therefore be given in detail. 

It is found that the current at the base of the aerial 
can be expressed in the form 


4 " 4 * 




m 











wh«e 6*1.6*2. and 6*3 are elements of effective e.rni. due By a familiar transformation this can be put in the form 
to the assumed intensities eg, and eg respectively. 

The full expressions for these three effective e.m.f/s are ^ ^ sinhP(A, — — ^^2/^) sinhP/i*j/2 e 

as follows:— " iEhP^:-P * 



Now let ^2 reduced to the ultimately vanishing 
element dx, and put as shown in Fig. 8(Z>). 

Writing de^ for the resultant element of effective e.m.f. 
we have 

^ 2 sinh P{h-^x-- dxl2) sinh Pdb/2 ^ e 
^ ~ "sInhPft /p 

Now the limit of (2/P) sinh (P£fa:/2) when dx^-^ O 
is Therefore in the limit we have 


e sinh P(h — x)dx 
sinh Ph 


. . (41) 


If we now assume e to be a function of x (both as to 
amplitude and phase in general), and write it e(x) to 
emphasize tliis functional character, then e(x)dx is the 



Fig. 8. 


important to note that the effective impedance asso¬ 
ciated with each element of the e.m.f. is the same, 
i.e. or ^ coth PTi. 

The above configuration may seem somewhat artificial 
and elaborate, but its justification lies in the facility 
with which important practical cases can be derived as 
special cases of the general formulae^ 

(7) DEDtrcrroN of a Line Integral Formula for the 
E.M.F. INDUCED IN A PLAIN AeRIAL IN ANY 

Given Non-Uniform Field. 

Consider first the special case, illustrated in Fig. 8(^i), 
where Si =* Sg = 0 and Cg — e. This is not, of course, 
a practical case but is a purely anal5rtical manipulatioh 
for the purpose stated in the heading. Then 


component of the field along the aerial at the point x. 
Since as far as the current at the base of the aerial is 
concerned the effective impedance associated with each 
element of e.m.f. is the same, the total effective e.m.f. 
can be obtained by the summation or integration (in the 
vector sense, of course) of all the elements of e.m.f., and 
is given by 

' j ■' 

■O' 

This formula was obtained in a less intelligible opera¬ 
tional form in the original paper by the present author.’^ 
ii. M. Wilmotte has also derived ^d published a similar 
line integral formulaf though it appears in a somewhat 
different form, the resistance component of P being 
omitted and the sign of the e.m.f. reversed. (This would 
appear to be an error, since some experimental work by 
; •^SeeBiblio0aphy, (I). ^ 


_ coshP(A2 -)- ^g) — coshPi^ e 
sinhi% P 
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the Post Office, referred to more fully below, was found 
to be in agreement with the formula as stated above,) 
Actually the effect of the resistance term in P is likely, 
in general, to be negligible and the integral can be 
simplified somewhat to 


1 r 

sin ph I 

•/ft 


e{x) sin — x)dx 


(43) 


sin ^TThjX 


I 27r 

• I e(x) sin-^(h -- as)dx . . (44) 


but this formula cannot be applied when h = nA, as the 
first factor becomes infinite. For such cases the more 
exact form is required. It should be borne in mind 
that this formula refers to the value of e due to the 
transmitting system when the receiving system is present. 
In certain cases, e.g. aerial and reflector systems, the 
current in the transmitting system, and therefore the 
field due to it, will be modified by the presence of the 
receiving (or reflecting) system. The formula will, how¬ 
ever, still be applicable. It has, in fact, already been 
applied to such a system by the Post Office Engineering 
Department; it gave results consistent with actual 
measurement. 

The evaluation of e(x) in such cases can be arrived at 
by a method such as McPetrie's,* provided the current 
distribution as modified by the presence of the reflecting 
system be used as the basis for the calculation. This 
determination, though not rigid, appears to be suffi¬ 
ciently accurate for practical purposes, and is simpler 
than the more exact formulation of the problem given 
by Bechmaim.t Bechmann's work on this subject is, 
however, of major importance and is likely to have very 
great practical value. 

It should be noted as a special case that if e be 
assumed uniform we arrive at 


sinhPA I 

•'n 


sinhP(A — x)dx 


_ cosh Fh — 1 e 
“■ sinhPfc *P V * * 

which is in agreement with previous results. 


. (46) 
. (46) 


(8) General Character of the Variation of Effec¬ 
tive E.M.F. WITH Frequency. 

To obtain first some general idea of the variation of 
the effective e.m.f. with frequency it will be well to 
consider the simplest case, e.g. a plain aerial of height h 
in a uniform field. The corresponding formulae are 


e coshP^ — I e 


smh Ph 


= -tanh 


Fh 


(47) 


And Z^=:=ZcothFh 

If as a first approximation we neglect a altogether 

1 . A. irh . 

tail ^ tan . (48) 

■ p ■ .2 ; ■■ 271.• ••• ;A 

^ * SeeBMography, (9). f t 


The limiting value when ph 0, i.e. when h is very 
short compared with A, is ^he —corresponding to the 
well-known result that the “effective height“ is half 
the actual height under such conditions. The variation 
of with frequency with the resistance neglected is of 
the form 


A , Trh he 1 a he ., 
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Fig. 9. 

where 6 is written for ttA/A. The function tan 6/0 is 
illustrated in Fig. 9, 

One important practical conclusion is already obvious* 
For a given wavelength the variation of with h is, 
apart from any effect of resistance terms, periodic with 
constant amplitude. In other words, if 


~ = nTT + ^ 



i.e. does not increase with n. Thus for a g^ven value 
ofan aerial several wavelengths high is no better than 
the shortest aerial which will give Ihe same value of 
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unless, of course, means are adopted for suppressing the 
undesired half ^wavelengths as in the case of the well- 
known construction introduced by Franklin. 

For a more detailed examination of the critical values 
of the effective e.m.f. it is necessary to take the resistance 
terms into account. The exact formula is 

I t W. . VEsinh^ ah + sin^ j8/i] _ 

^ -f j8^] cosh oA + cos * 

The function does not vary steeply in the regions cor¬ 
responding to the (2n -f- l)A/4 resonances, and for these 
points the approximation 

jg/i = (2n + l)7r/2 

may be safely used. For such values of 


V[a2 + )82] 


• ( 61 ) 


Now as a/jS = RI{2L), a?l{2^) will be negligible com¬ 
pared with 1 in all ordinary cases, so that when 
A (2n + l)A/4, 


p 2n (2n+l)7r '^- • ' 

confirming the fact already noted, that for a given wave¬ 
length |e^j does not increase with n. 

In the neighbourhood of the resonances corresponding 
to ^ = {2n -f l)A/2, fig obviously becomes very large. 
In fact when h = (2n -f l)A/2, i.e. jSfe = (2n -)- l)7r, 

but owing to the steepness of the variation with fre¬ 
quency in these regions the exact value of the resonant 
frequency would have to be used in deter m ining |e^| at 
resonance, leading to a complicated expression which 
does not permit of approximation. . 

For h ^ n\ (i.e. jSA 2n7r), \e^\ is very small, being 
^venby 


.1(9) Relative Effectiveness of Different Parts of 
A Receiving Aerial. 

The formulae for the contribution of each element of 
the system considered in Section (6) to the total effective 
-e.m.f. at the base of the aerial afford interesting informa¬ 
tion as to the relative effectiveness of successive elements 
of the length of a plain receiving aerial from this point 
•of view. 

If the total height of the aerial be small compared 
•with the wavelength of operation, the resistance terms 
in the formulae can safely be neglected and they take 
i:he simple form 

— Jk{cos Ag) — cos ^h} . . (66) 


where k = jej^ sin 

e being the intensity of the field, assumed uniform with 
respect to A. 

Suppose, for example, that jSA = O-Stt or A = 0‘15A, 
and that =s ^/3. Then 

je^^l = 7c(cos 36° - cos 64°) = 0* 2211c 
\^ez\ = ^(cos 18° ~ cos 36°) 0- 142A; 

jeegl = k{l - cos 18°) = 0-05/c 

showing that the contribution of the top third of the 
aerial is less than a quarter of that of the bottom third. 
Thus the most important effect of the upper elements 
of the aerial is to increase the effectiveness of the lower 
parts rather than to make their own direct contribution 
to the effective e.m.f. This fact can be illustrated further 
by considering the two systems illustrated in Fig. 10. 
These are assumed to be excited by a wave travelling 
normal to the plane of the paper. It might be thought 
that since the e.m.f. induced in the far downward element 
C2D2 in the second system is opposed to that induced in 
the earthed vertical element C^D^, the resultant e.m.f. 
induced in the whole system would be very small. 
Actually, the additional length in the second system 




egg = ^{cos jS/ig — cos 


+ * 8 )} 


Fig. 10. 

represented by the downward element CgDg so much 
increases the effectiveness of the upward vertical element 
that the total resultant e.m.f. is not decreased but is 
even greater by a small amount than that given by the 
first system. For the first system 

|e.| = A:{cos 36“ - cos 64“} = 0-221fc 
and for the second 

= ^^{(cos 54° — cos 72°) — (1 — cos 18°)} 

= fc{0-279 - 0-049} 

= 0-230fc 

It must be remembered, however, that the resistance 
of the second system is higher than that of the first, so 
that whether in practice a larger received current would 
be obtainable from the second system than from the 
first would depend on other circuit conditions. If, how¬ 
ever, the function of the system be to provide e.m.f. 
rather than power, a gain of 6 per cent is obtained at 
no additional cost for masts. The increase would, of 
course, be even greater for a wave travelling in the 
direction of the horizontal element, for the phase differ¬ 
ence between Cg and would then be less than 180°. 
However, the case is put forward for the sake of the 
inter^t of the somewhat paradoxical result obtained, 
rather than as a practical suggestion. 
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(10) A Simple Directive Receiving System. 

The conclusions of the preceding Section do not, of 
course, apply to cases where the aerial is not short 
compared with the wavelength. Consider, for example, 
the system illustrated in Fig. 11. For a vertically 
polarized wave travelling normal to the plane of the 
paper « — fig =: e, and fig — 0. Omitting for the 
present the resistance terms from the e.m.f. formulae, 
we have 

— cos 2n*l 


= — 

and e^g = — Xj|i — cos ^ 

where 7c is written for sin 27r) (apparently infinite, 
but limited by the resistance terms of the exact formula). 
Thus for a wave in the specified direction 

©e = 27c 

If, however, the wave arrives in fhe direction of the 
horizontal half-wave element of the aerial, then, owing 



7 I Stt 

fin= *|cos Y 


instead of 1 as assumed in the simple theory. In addi¬ 
tion there is the fact already mentioned in the discussion 
of the measured values, namely, that the effective length 
of the aerial may be 6 per cent or so longer than the 
actual length. 

These possible discrepancies between the simple theory 
and observed behaviour are likely to be greater at higher 
frequencies. In this matter there is a need for more 
information than is at present available. 

(11) The Principle of the Suppressed Half Wave¬ 
length Aerial. 

The principle of the suppressed half wavelength aerial, 
developed by Franklin, is made very clear as far as 
reception is concerned by means of the effective e.m.f. 





Fig. 11. 


to the phase difference of the fields at the two vertical 
elements. 


so that 


~ Jo Jc = 0 


(a). 






T 


(b) 






Fig. 12. 


Such an aerial system will, therefore, have a polar 


to that of a frame aerial but with a different law. 
Neglecting resistance terms, the law will be cos (^ cos 6 ), 
6 being the angle between the plane of ^e aerial and the 
vertical plane containing the direction of the wave. It 
is, of course, similar in principle to the free-ended half¬ 
way systems cojnnionly employed in beaLm transmitting 
.,Syste^lsl■’^^ ^ , .;v- 

/ The simple theory giv^h above is, of course, modified 
somewhat wihen the exact formulae are used. It may be 


and exact formulae may be greater than is commonly 
. assumed, and that the effect of the resistance terms 


simply calculated and the actual behaviour. From the 
measurement described hi Section (4), for example, it 
. appears lliat the value of is about 0-1, 

; so that m ^ o)^ might easily 

have a value of 0 • 4 ch more> giving cosh ah about 1 * 08 


formulae. Consider the system illustrated in Fig. 12(a), 
the aerial being assumed to be excited by a uniform field. 
Using the same symbols as in Section (9) and omitting 
the resistance terms for sake of simplicity of explanation 

= h{cos 27 r — cos 677/2) ^ Jc 
fieg = h{cos 77 — cos 277) = 2 Aj 
egg = fe(l — cos 77 ) == 2fc 
Therefore + e^g + e^g « h 

which is the same value as would be obtained by alone 
(i.e. the first quarter wavelength element), but associated 
with a higher aerial resistance and therefore very much 
less effective as a source of power. If, however, the 
field be prevented from acting on the clement ^ [by a 
suitable disposition of the whe, as in Fig. 12(6)], then 
fi^g ~ 0 and fi^ “ fi^ = 


; appreciably modified by the effect of the resistance terms 
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in a manner easily determinable from the exact fonnulse 
(assuming the necessary data to be available), but the 
principle will be the same. 

The power aspect of the matter will be referred to 
again in the following Section. 


mission (when similar criticisms apply) is now much less 
frequently used than was formerly the case. It was a 
term appropriate to the early days of the development 
of the science and art of radio communication, but it has 
now to a large extent outlived its usefulness. 


(12) The " Effective Height " of a Receiving 
Aerial. 

In the case of a receiving aerial system in which the 
vertical part, of height h, is parallel to a uniform field 
of intensity e, the aerial can be said to have an effective 
height \ defined by the relation 

= |e|fee. 


This is a generalized definition of effective height for 
reception which is consistent with the accepted usage of 
that term. For example, if the aerial is a plain vertical 
aerial in a uniform vertically polarized field 


=ptanh — 


and if Ph is small (i.e. if A is small compared writh A) 
tanh PA/2 is very approximately equal to PA/2, so that 


__ e PA _ A 

“P'T"" "^2 




The conception of " effective height" is, however, of 
very doubtful utility. In the first place it is misleading 
in so far as it implies that the " effective height ** of an 
aerial is a quantity characteristic of the given aerial 
structure concerned and thus useful as a criterion of its 
effectiveness for reception. In actual fact it is a quantity 
dependent on the wavelength of operation, the con¬ 
figuration of the field and, in many cases^ on the 
direction of the wave in relation to the configuration of 
the aerial, dnly in the very special case of a non- 
directional receiving system the effective elements of 
which are assumed to be parallel to a uniform field has 
the conception any very clear physical significance, and 
even in this case it is a function of frequency unless the 
latter is assumed to be low compared with the natural 
frequency of the aerial. 

It would, of course, be a convenience if an aerial 
structure could be characterized by some constant which 
was useful as a criterion of its effectiveness in relation 
to its intended function, but the number of variables 
involved in practice makes any complete generalization 
bn these lines impossible. In general nothing short of a 
complete geometrical and physical description of the 
structure wilt give the information required for the 
det^mination of its behaviour in response to assigned 
conditions of excitation, and any description in terms of 
some single quantity such as effective height" is likely 
to achieve a deceptive simplicity at the expense of 
exactness.; 

There is, however, no need to labour this point, as 
the term, whether in relation to reception or trans- 


(13) A Receiving Aerial Considered as a Collector 
OF Power. 

It is perhaps an arguable question whether the valve 
receiving systems of the present day should be regarded 
as power or potential-operated devices. In practice the 
actual requirements and consequently the circuit con¬ 
ditions will vary considerably, so that sometimes the 
one and sometimes the other point of view will be 
appropriate. There certainly are many cases where the 
function of the receiving aerial should be considered as 
the absorption of power from the field. In relation to 
all such cases the representation of the received current 
at the base of the aerial in the form 


where is the impedance of the tuning circuit (including 
of course the input impedance of the detecting or re¬ 
ceiving apparatus), has the important advantage of 
depicting the system as a source of power. It is well 
known that the maximum power available for utilization 
in such a system is given by* 

rrr 1 J®? 

where is the R.M.S. value of e^. Thus B^jR^ or 
[e^p/Rg is the appropriate figure of merit for the system 
considered as a collector of power from the field and as 
a source of power for the operation of the receiving 
system. 

The formulae already developed enable this factor to 
be expressed in terms of the constants of the aerial and 
the configuration and intensity of the field. For the 
simple case of a plain vertical aerial in a uniform field of 
intensity eniaai, volts per 6m the formula becomes 


^ aj8 L_ (cosh2aA—cos2j8A)^ 

(coshaA-|-cosj8A)2(j8sinh2aA—asin2j8A) B 

.... m 

or, since 

(oosh^ aA — cos^ jSA) = (sinh^ aA + sin^ jSA) 

= ^(cosh2aA — cos 2j8) 

is very approximately 

{(1 - cos m + > cLr. 

. (59) 

The general character of this function is fairly clear. 
It will reach a maximum value in the region of 
j8A = 7r/2(A A/4), after which it will oscillate about a 

•_See Bibliography, (12). 
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decreasing positive mean value with a decreasing 
amplitude. 


For A = {2« + 1)A/4 

W? 2A 

B, (2n + 1)71^' 


{dh coth dh) 


R 


(60) 


The quantity (dh coth aA) will not differ greatly from 
1 as long as ah is small, so that for a given wavelength 
the available energy decreases as the number of quarter 
wavelengths in the height of the aerial. 

For ^ = (2n + l)A/2 and nX, is very small and 

decreases with the value of n in a similar manner. 

The variation of |eg|2/i?g as a function of h is illus¬ 
trated in 1 ig. 13, for the values 0 to 47r of ph, assuming 
a/jS = I/Stt (making it a Case comparable with the 
experimental aerial). It reaches a maximum in the 


will thus in general be less than the ratio of the heights 
of the two structures. The matter is one on which more 
experimental data are required. 

(14) Current Distribution in Transmitting and 
Receiving Aerials. 

The analysis has up to this point been mainly con¬ 
cerned with the magnitude of the current at the base 
of a receiving aerial as a function of the aerial constants 
and the field. By the same methods, however, an 
important result relating to current distribution in 
transmitting and receiving aerials can be demonstrated 
—^namely, the fact that for a given aerial and a given 
frequency of operation the current distributions may be 
quite different in the two cases, i.e. reception and trans¬ 
mission. It is commonly assumed that for a given aerial 
height or length and a given frequency of sinusoidal 



immediate neighbourhood of A »= A/4 (jSA = 7r/2), and 
thereafter oscillates with rapidly diminishing amplitude. 

The above conclusions as to the undesirability of 
using aerials of multiples of a quarter wavelength in 
height (impracticable in any case except at short wave¬ 
lengths) do not, of course, apply to systems where parts 
of the height are virtually out of the action of the fiield, 
as in the Franklin construction. It has been shown in 
the preceding Section that with such a construction the 
effective e.m.f. for h = 6A/4 would be three times that 
for h ^ XI4:. It should be borne in mind, however, that 
the resistance in the former case may be expected to 
be greater than that in the latteri The gain in avail¬ 
able power will only be as 3 : 1 if it be assumed that 
the resistance of the compressed element is negligible. 
The radmtion resistance of the compressed element is 
certainly eliminated/ but this is not necessarily the 
major part of its total resistence. If the radiation 
resistance is small compared with the total resistance, 
the power gain will Only be as 9 : 6. The actual gain 
will pr^umably be somwhere between these limits, and 


excitation the current distribution is in the form of a 
i sine wave with the aerial as axis, successive nodes being 
half a wavelength apart. It appears that this is not 
generally true. In the case of uniform excitation, for 
example (a plain vertical receiving aerial in a uniform 
field), successive current nodes may be separated by any 
distance from 0 to A. 

This interesting result was apparently first demon¬ 
strated by von Korshenewsky* by a simple physical and 
analytical argument, which was,' however, confined to 
an isolated conductor wire in free space. After reading 
this paper the present author realized the probable 
applicability of similar reasoning to the more familiar 
earthed transmitting and receiving systems, and found 
that similar conclusions could, in fact, be demonstrated. 

The system illustrated in Fig. 14 will serve for both 
cases under consideration, i.e. transmission and recep¬ 
tion. The aerial constants are assumed uniform and the 
same in both parts (^ + A^). A uniform field (e volts 
per cm) is assumed to act on the part h^ only. From 
♦ See Bibliography, (10). 
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the equations already given, it is a simple matter to 
derive the formulae for the currents and ig in the two 
parts hj and of the aerial, and the current-distribution 
formula for a plain aerial under conditions of reception 
and transmission respectively can be obtained respec¬ 
tively by making /ig = 0 for the first case and taking 
the limit when 0 with the condition h^e -v for 
the second. This latter process enables us to arrive at 
the condition somewhat loosely described as a point 
source of e.m.f. by a continuous variation not involving 
any discontinuities. 

The resistance terms cannot be entirely neglected in 
the above analysis, because, although the form of the 
current distribution is practically unaffected by them, 
they nevertheless determine the maximum amplitudes 
and their omission would therefore make impossible a 


Fig. 14. 

full quantitative comparison of the two cases. In each 
case it is assumed that the aerial is connected to earth 
through a negligible impedance (i.e. = 0)» 

The analysis need not be detailed as it is quite straight¬ 
forward. The results obtained are 


2e 

FZ ^iosh Pk 




Z cosh Ph 


sinhP(^ — x) 


for reception and transmission respectively. For the 
actual distributions, apart from resonance conditions, 
the formulae in which resistance terms are neglected can 
be used, and are, of course, somewhat simpler. They 
are:— 

and 

“ X * "wT ' cos 2wh/X 

for transmission . (64) 

Note that = 9 when a? = ^ in all cases. The 
omission of the resistance terms clearly leads to infinite 
values for if^dx at resonance conditions for which 


cos 2^hlX = 0, and for all such cases it is essential to 
apply the exact formulae for the comparison of the 
current maxima. The results obtained are:— 


h 

X 

Umx. 



Reception* 

iA 

0 

cothaA^-?:r4r-^ 

(ji)L ah coL 

iA 

0 

1 + cosh ah emax. 2e^. 

cosh dh (x)L coL 

iA 

0 

cothofe~4-^ 

o)L ah (oL 

A 

iA 

(jjL 



Transmission* 

iA 

0 

A oiL ah A wL 

iA 

iA 

cosha7»/2 277 e^.^27r 
cosh ah X (dL X ooL 

IA 

0 

coth ah ^ \ 

A coL ah X wL 

A 

iA 

cosh 3aA/4 27 t ^ in 

cosh ah X coL ^ A coL 


The actual current distributions for h = JA, JA, jA, 
and A are shown and compared in Fig. 16. They are 
sinusoidal in all cases, but the receiving aerial is not in 
all cases the axis of symmetry of the curve representing 
the current distribution. 

This latter feature is made more clear by considering 
the case = A + Aq, where lies between 0 and JA. 
For this case 

/ cos •nxjX 
” cos2wVa)i^£ 

so that = 0 when x == and h — 2^^. The 
distance between the first and third nodes is A, but 
between the first and second it is 2^^, which is not equal 
to JA. The case is illustrated in Fig. 16. 

For the transmitting aerial of the same height 


W. = sin - g) • ^ > -- ■ >7- 

• * A A 0 )L cos 27rAo/A 

so that = 0 when x = \ 3.nd \ + A. 

The nodes are therefore JA apart. This is also illus¬ 
trated in Fig. 16. 

Actually in the cases where there is the greatest 
difference between the transmission and reception cur¬ 
rent distributions (i.e, A- = JA and A), the current is 
small compared with that corresponding to the quarter 
wavelength resonances. Thus the maximum current for 
A = JA is Jo/t times that for ^ = JA, probably about 
10 to 1 in practice. 

The cases considered, i.e. uniformly distributed e.m.f. 
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and point-source e.m.f., may be taken as extremes of 
possible variation of the distribution of e.m.f., and non- 
uniform distributions of e.m.f. will presumably give rise 
to current distributions intermediate between those 
described. In general, therefore, we may conclude that 
the current distribution is a function of the distribution 
of the exciting field, and that only in the special case of 
a single-point source of e.m.f. will it be safe to assume 


Reception 


Transmission 




4 


h-X 

2 




h«X 

2 



that the current nodes are separated by exact half 
wavelengths. - 

The distribution of potential is immediately derivable 
from the, delation 


which gives 
(Receiving) 


jwG ix 


, . e sinh Pa? 
^ ^ P cosh Ph 


. • coshP(^ —a?) 

(Transnuttmg) „ = 

SO that V = p and when a? 0 in the two cases 
r^pectively, as required by the assumed boundary con¬ 
ditions., The potential distribuidons are therefore not, 
in general, the two cases, bht in each case 


the distribution is sinusoidal (except for the small 
resistance effect), with half wavelength separation of 
successive nodes and antinodes. It should be pointed 
out, however, that this uniformity of separation of 
successive nodes depends on the assumption of uni¬ 
formity of exciting field. In the more general case of 
a non-uniform field distribution a more complicated 
expression results for the current distribution—one 
containing e as a function of x, and e as a function of x 
will also appear in the expression for the voltage dis¬ 
tribution. The matter does not permit of generalization, 
but in the absence of more detailed investigation there 
is no warrant for assuming uniformity of separation of 
successive nodes and antinodes of potential in the 
general case. 

The author wishes to acknowledge his indebtedness 
to Mr. A. C. Gordon-Smith, who carried out practically 


Reception 


Transmission 



the whole of the experimental work described, and to 
Dr. R. L, Smith-Rose for valuable criticism and advice 
on the compilation of the paper. The work was carried 
out as part of the programme of the Radio Research 
Board and is published by permission of the Department 
of Scientific and Industrial Research. 
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DISCUSSION ON 

“INTERFERENCE BETWEEN POWER AND COMMUNICATION CIRCUITS: SUMMARY 

OF RECENT INFORMATION (1926 to 1929).” * 


Mr. D. W. Roper (communicated): On page 1133 the 
author recommends that " when a high-tension S-phase 
supply is transmitted by three single-conductor cables, 
these should be laid as close together as possible and 
transposed. Triangular spacing is preferable, but if flat 
spacing is adopted, regular transposition is essential." 
All of these recommendations are quite contrary to the 
practice in Chicago; therefore, in order to ascertain 
whether the author's recommendations found any 
warrant in American experience, I have corresponded 
with the engineers in charge of 66-kV and 132-kV single¬ 
conductor cable installations in New York, Philadelphia, 
Cleveland, and St. Louis, and with their assistance have 
prepared the following brief summary of practice and 
experience in the United States. In the cities I have 
mentioned, where all the 66-kV and 132-kV underground 
lines in this country are situated, there are now in 
service 109 miles of 132-kV and 486 miles of 66-kV single- 
conductor cables. The cables are laid in standard 
conduits in which the ducts have a spacing horizontally 
and vertically of about 6 or 7 inches; In no case is 
equilater^ spacing adopted. The 132-kV cables in New 
York and Chicago are largely installed in a vertical row 
in conduits built especially for these lines. The use of 
special conduits for 66-kV cables is practically universal 
except in Chicagb, where they are usually installed in 
the same conduit with lower-voltage cables. Local 
conditions determine whether the cables are installed 
in a Vertical row; a horizontal row, or a right-angled 
triangle. Some of tiie underground lines hi these cities 
are transposed, but there is never more than one com¬ 
plete tiansposition per line, The transpositions were 
made solely for tiie purposes of equahzih^^ the power 
currents and voltages, not for eliniinating or reducing 

. ,* Paper by Mr.,W. G, Radley (see vol. 69, p.,lH7). 


inductive disturbances to adjacent telephone lines. In 
Chicago there are 10 telephone exchanges within J mile 
of our 66-kV single-conductor underground lines, and at 
numerous points the underground telephone cables run 
parallel to and cross these lines. The engineers of the 
telephone company were advised of the work on the 
earlier lines and were furnished with plans showing their 
routes, in order that they might make tests on the 
telephone lines most likely to be aflected. Since the first 
power cables were placed in service in 1926, however, no 
adverse comment has been made regarding their influence 
on the telephone service. At the Midwinter Convention 
of the American I.E.E. held in New York in January 
1931, a symposium of four papersf on the co-ordination 
of power and telephone plant, the joint work of the 
National Electric Light Association and the Bell Tele¬ 
phone System, was presented. No mention is made in 
these papers of any adverse eflects of underground cables 
on underground telephone circuits. On the contrary, 
it is sta,ted by Messrs. Harrison and Silver that the 
installations of 66-kV and 13!^kV cable in this country 
" have a definitely favourable effect upon co-ordination 
problexns within the territories surrounding them." 
If American practice had resulted in unsatisfactory 
co-ordination between power and telephone cables, it is 
inconceivable that all reference to such conditions would 
have been omitted from this discussion. It is considered 
good engineering practice to install telephone cables in 
separate conduits from power cables, and, where feasible, 
to install these conduit lines on opposite sides of the 
street. It is also customary to install high-voltage 
single-conductor cables-for 3-phase transmission as close 
together as possible so as to reduce the induced sheath 
voltages or losses. Experience in this country indicates, 

: Tram^ions of the American I.E,E,,lQZl,vdL^0,^. 4'i7, 
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therefore, that when power cables and telephone cables 
are installed in accordance with good engineering practice 
there is no occasion to fear adverse inductive effects 
on the telephone circuits due to the power cables. 
Theoretical considerations and practical experience are 
in accord on the point that inductive effects are possible 
when the cables are separated by only a few feet and run 
parallel for a considerable distance. As such parallels 
are present, in general, along only a very small fraction of 
the total length of an underground transmission line, any 
rules which may be adopted as a result of the author's 
recommendations should be limited to that portion of 
the power line where the close parallel exists, as the 
extra expense of meeting the requirements at other 
portions of the line is entirely wasted. 

Mr. W. G. Radley reply): The interference 
arising from power cables may often be reduced to 
negligible proportions by what Mr. Roper terms " good 
engineering practice," i.e. the installation of telephone 
cables in separate ducts and, where feasible, on the 
opposite side of the street. Were the circuits composed 
of overhead conductors such separations would not, in 
general, suffice. On account of the smaller conductor 
spacing and the screening effect of the cable sheaths, 
the transmission of power by cables instead of by over¬ 
head conductors must always assist in solving the problem 
of co-ordination between the two interests involved. 
The validity of Mr. Roper's contention that good en¬ 
gineering practice is a sufficient guide in the construction 
of an underground cable system, depends on the inter¬ 
pretation of the term. The " good engineering practice " 
of to-day becomes obsolete to-morrow, and it is not 


necessarily the same at one time under different con¬ 
ditions in different countries. One important difference 
in the present case is that in Great Britain‘the onus is 
on the power company to avoid interference, so that if 
it seems possible that interference arising at a future 
date would involve the power company in costly altera¬ 
tions, it is good engineering practice to avoid the risk, 
even if later experience proves the precaution to have 
been unnecessary. In effect Mr. Roper claims that from 
the point of view of interference with communication 
circuits it is not essential to lay three single-conductor 
cables as close together as possible, or to transpose them; 
though he admits that both these practices are customary 
in the United States for the purpose of reducing induced 
sheath voltages and balancing impedances. In this 
respect American practice supports the recommendations 
made in the paper. It happens that in Great Britain 
the direct method of laying cables, which has been 
preferred for reasons other than interference, permits of 
closer spacing tha.n the duct system preferred in America; 
and the information available at the time the paper was 
written suggested that this feature could be made use 
of in minimizing the risk of interference. In the light 
of later knowledge and further experimental work, 
however, I agree with Mr. Roper that the spacing could 
be extended to that usual in duct systems without risk 
of greatly increasing interference. His record of practice 
and experience in America, particularly the joint 
experiments of the National Electric Light Association 
and the Bell Telephone System, is of great interest and 
value. A full account of these experiments would be 
very welcome. 
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DISCUSSION ON 
- COIL IGNITION SYSTEMS/'* 
North-Western Centre, at Manchester, 8th December, 1931. 


Prof. E. W. Marchant: I should like, first of all, to say 
something with regard to the question of magneto versus 
coil ignition. Oh page 105 (vol. 70) the author says:— 
“ It is now generally recognized that the amount of 
energy delivered in the discharge by the ignition system, 
whether coil or magneto, bears no direct relation to the 
energy necessary for ignition of the explosive charge.’" 
I am sure that this statement is the result of much 
investigation, but most people must have come across 
the following difficulty when driving a car. I used to 
have a 4-cylinder car equipped with a magneto, and on 
long downhill stretches of roa,d the plug on the cylinder 
nearest the front end of the car nearly always became 
gummed up, and had to be taken out and cleaned. I 
replaced that magneto by one capable of giving a 
rather larger power output, with the result that I 
had no more trouble due to gummed-up plugs. The 
reason, I think, is evident. Although the energy 
required for exploding the charge was no greater, the 
amount of energy.in the spark was sufficient to stop 
carbon from accumulating at the plug and preventing 
the spark discharge from occurring. Therefore, although 
on theoretical grounds there is no necessity to have more 
than a limited amount of energy available for igniting 
the charge in the cylinder, in practice there seems to be 
a good deal of advantage in having some energy to 
spare, so as to ensure the regular firing of the engine. 
I have had experience with both magneto and coil 
ignition, and it is only after reading the paper that I 
have realized the limitations of coil ignition. There is 
much to be said for magneto ignition under certain 
circumstances. I have heard a good deal about the 
ignition troubles that occur in a damp tropical climate 
such as that of Nigeria. I think most cars are apt to 
give trouble in very damp climates, but the amount of 
trouble encountered with magneto ignition has been 
sensibly less than that with coils. The chief trouble 
in damp and tropical climates is that the battery is very 
apt to run down. A spare battery ought always to be 
available. Under these conditions I think there is 
still something to be §aid for magneto ignition, although, 
in general, coil ignition is more popular. I should like 
to ask whether there has ever been any suggestion of 
using condensers for the storage of energy, instead of 
inductances. Possibly a condenser might be a good 
thing to use because it can be charged up more quickly 
tha n the current can be established in an inductance. 
With regard to the coil itself, the reason why one cannot 
sensibly improve the operation of a coil by closing the 
magnetic circuit is because the losses go up as the 
amount of iron in the circuit increases. In this con¬ 
nection I am reminded of the hedgehog ’ ■ transformer 
designed by Swinburne about 35 or 40 years ago. 
Swinburne's theory was that the losses could be mini- 

.♦ Paper by Mr. E. A. Watson (see vol. 70, page 106). 


mized by reducing the iron in the transformer by pro¬ 
viding an air return circuit for the magnetic fluxes. 
In those days central station engineers did not mind so 
much about lagging currents as they do to-day. The 
open-core coil referred to in the paper is a development 
of the same kind. I presume there is a limit to the 
amount of iron one can use in the core, and that there , 
is an amount of iron which gives the best results in the 
system. I am interested in the question of ballast 
resistances for regulating the current through the 
primary winding. Have iron resistances in glass tubes 
ever been tried, or are they thought to be too dangerous? 
They have extraordinarily good regulating qualities, 
and are used for all sorts of purposes in connection with 
thermionic valves. 

Mr. Wilfred Holmes; I notice that the author 
mentions many limits, such as those set by heating, 
induction, and arcing. There is, however, another 
important limit, which arises when the battery voltage 
is nearly zero. This usually happens when the engine 
is cold and the oil has stiffened in the cylinder. The 
battery will then only give sufficient current to the 
starter motor to turn the engine very slowly, and the 
battery voltage becomes so low that there is not suffi¬ 
cient voltage to give a spark from the ignition coil. 
Laborious hand-winding of the engine then becomes 
necessary. Would the author advise another battery 
of small size in parallel with the starting battery, or is 
it practicable to have a couple of spare terminals with a 
disconnecting switch so that a small stand-by dry 
battery could be used for such an emergency ? Probably 
this system would be cheaper than fitting a magneto, 
and it would have the advantage of low-speed starting. 

Mr. S. R. Mellonie: The interesting devices 
described in the paper depend for their operation upon 
a primary supply of energy from a battery, which, in 
turn, is usually supplied by a small dynamo driven by 
tne engine. Experience shows that the design of these 
small machines leaves much to be desired. In two 
machines recently examined the electrical creepage 
distance was only in. This was exposed on the 
outside of the machine to the mud thrown up from the 
road and on the inside to the carbon dust and copper 
particles which ultimately form a conducting path 
from the live brushgear to the earthed end-shield. In 
consequence of this weakness in the design the insulation 
of the two machines was burned away. Such clearances 
are obviously much too small and could easily be in¬ 
creased threefold without adding to the cost. Another 
curious characteristic of these small dynamos, which 
are usually of the 3-brush type, is overheating to such 
an extent that solder is thrown out of the armature on 
to the brushgear. It is generally understood that 
this is due to the third brush sticking in its holder, and 
if this is the case more attention should be given to 
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this feature of the design, as until such defects are 
remedied engineers are not likely to recommend the 
adoption of coil ignition systems. 

Mr. Ji B. Lees: Some time ago I bought four 
1931-t37pe 3-point plugs of a well-known make which 
proved to be very unsatisfactory. I returned them to 
the makers with a request to exchange them for single 
point plugs, and received in reply the usual letter saying 
they saw no reason why the 3-point plugs should not be 
satisfactory. In answer I gave the following account of 
what I considered to be the cause of the trouble. The 
peak voltage becomes the breakdown voltage for a 
given set of gap conditions. The peak voltage must be 
proportional to the gap impedance, and, if we have three 
gaps in parallel as with a 3-point plug, the impedance 
will be lower than that of a single-point plug having 
the same gap dimension. The breakdown voltage of 
the 3-point gap will thus be lower, and the resultant 
arc will therefore not be so intense. I experimented 
with a 3-point plug at a pressure of 90 lb. per sq. in., 
and observed that at the instant of spark-over between 
the centre electrode and any of the three earthed ones, 
a brush discharge took place on the remaining two, thus 
indicating the lack of concentration of the available 
arc energy. Fig. 25 shows three oscillograms which 
would appear to confirm my suggestion, the reduction 
in peak voltage with reduction in impedance being 
clearly shown, I should be glad if the author would 
comment on my h 3 rpothesis and confirm that as a result 
of using a single-point instead of a 3-point plug, one 
would normally get a hotter spark. It may be of 
interest to add that the plug manufacturers agreed 
wiih me and sent me four single-point plugs, the opera¬ 
tion of which proved to be absolutely satisfactory. 

Mr. G. H. Sammons: During the War I supervised 
the maintenance of a large number of automobiles 
fitted with coil ignition systems. At that time American 
automobiles were mainly provided with coil ignition 
systems, while most of the British manufacturers still 
clung to the magneto. My experience was that the 
coil ignition system stood up better than the magneto 
to the rough usage to which these machines were sub¬ 
jected . Thus either the American system was inherently 
better for the purpose than the English system, or the 
American coil ignition system was better designed than 
the British magneto. In my opinion the workmanship 
and finish of the coil ignition systems was in general 
not so good as that of the magnetos. The coil ignition 
systems gave quite a lot of trouble due to wear of the 
distributors. The relays frequently stuck and caused 
the resistances and switchboards to bum out. At the 
end of three or four years there was very little left of 
the original coH igmtion systems. Coil ignition systems 
have recently received a considerable amount of atten¬ 
tion and research, and they are consequently very much 
im;^oved. The chief trouble experienced nowadays 
with any ignition system is associated with the sparking 
plugs, and I think that if the sparking plug had received 
as much attention as the remainder of the ignition 
system the performance of the system as a whole 
would be much more satisfactory. The performance of 
a cou Ignition system depends almost entirely upon the 
condition of the battery, which as a rule is very bad. 


A central-station engineer spends hundreds of pounds 
a year in an endeavour to maintain his batteries in 
perfect condition, and by so doing he sometimes main¬ 
tains his positive plates in good order for a period of 
6 years. On the other hand, I am surprised that 
motor-car batteries last more than 2 years. It is much 
easier to repair a coil ignition system than a magneto. 
Another advantage of the coil over the magneto is that 
if the former is adopted it is possible to incorporate a 
device whereby the spark may be automatically ad¬ 
vanced and retarded as the speed of the engine varies. 

I There is no doubt that a system with an automatic 
adjustment has a distinct advantage over a fixed or 
a hand-operated system. 

Dr. J. L. Miller: The author, referring to the possi¬ 
bility of developing loosely-coupled coils for coil ignition 
systems, states that one great disadvantage of having 
an arrangement which must be adjusted to correspond to 
optimum conditions is that these conditions would 
only hold for one particular type of sparking plug and 
one particular length of cable. The capacitance load 
of a length of h.t. lead and a plug would be rather 
uncertain, but I should think it would be of the order 
of 20 ju/xF. In view of the fact that the secondary 
capacitance is 100 /x/xF, small changes in the 20 /x/xF 
when the plug or lead was changed would not make 
much difference. At any rate, in the loosely-coupled 
circuits I have handled such a small change would not 
have made more than about 15 per cent difierenco. A 
great deal depends, of course, on the circuit constants, 
and I should be glad of the author’s comments in this 
connection. Regarding the question of the primary 
condenser, it would be interesting to see an oscillogram 
giving the voltage wave-form across this apparatus, 
and to know the value of the maximum voltage reached. 
Can the author give the actual puncture values of the 
condensers used, and the voltage at which they arc 
tested ? 

Mr. E. A. Watson {in reply): In reply to Prof. 
Marchant, the statement that the amount of energy 
delivered by the ignition system has no direct relation 
to the energy necessary for ignition of the explosive 
charge must not be confused with the phenomenon to 
which he refers, and which, I admit, is one well known 
among motorists. It is agreed, of course, that under 
conditions where a sparking plug is liable to oil up, the 
ignition system which will give a large amount of energy 
in the form of an arc or flame will burn away the oil 
and ensure regular ignition, but there is the other side 
of the picture to be taken into account, and that is the 
fact that this energy which burns away the carbon will 
also burn away the plug electrodes. The real remedy 
IS so to arrange the plugs and the lubrication system 
as to prevent their receiving an excessive amount of oil 
under conditions such as those referred to, with the 
engine running on light throttle. I think that most 
modern cars, even with coil ignition, are fairly free from 
this trouble. Prof. Marchant mentions the use of a 
charged condenser as a means of energy storage. This 
has already been referred to in the paper and will be 
found on page 121 under the heading - Condenser and 
iransformer Systems.” As regards the limit to the 
amount of iron that can be used in the core, this is 
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difficult to express exactly, but I think one may say 
briefly that if too much iron is used the coil becomes 
inefficient, with the result that the heating and sparking 
limits are reached, while if too little iron is employed 
the coil becomes expensive, owing to the large number 
of turns and the large amount of copper which is neces¬ 
sary, and the present-day coils are really a compromise 
between these. The suggestion of using an iron-wire 
resistance in a glass tube in hydrogen as a regulator 
has often been made, and such a resistance would be 
quite practicable. It is, however, rather more expensive 
than the open-t57pe resistance generally employed, and 
present-day practice is in general to dispense with the 
resistance altogether. 

In reply to Mr. Holmes, the limiting condition when 
the battery voltage is low has been taken into account 
in the paper. Of course, it is impossible to take this 
limit so low as to rule out absolutely all cases when the 
battery is very badly exhausted indeed, but with coils 
as designed to-day the battery has to be in a very bad 
condition before a spark cannot be obtained, and, 
although a spare battery substitutes an additional safe¬ 
guard, I really do not think that its adoption is necessary. 

Replying to Mr. Mellonie, the question of adequate 
creeping surface and adequate insulation was referred 
to in my reply to the London and Birmingham discus¬ 
sions, and will be found on page 134. I am naturally 
all in favour of adequate insulation being provided, even 
though the voltage is only a low one. The trouble to 
which Mr. Mellonie refers, of third-brush machines over¬ 
heating, is not due to the third brush sticking in its 
holder, as the only effect of this would be to lift the 
brush off the commutator and break the field circuit, 
but it is generally due to.the machine being run on 
open-circuit, possibly with the battery disconnected, so 
that the dynamo ceases to regulate and generates an 
excessive voltage, leading to overheating and burning 
out of field and armature winding. 

Mr. Lees raises the question of 3-point versus single¬ 
point spark-gaps. I am afraid I cannot entirely accept 
his explanation. 3-point plugs for the same electrode 
dimensions have practically the same breakdown voltage 
as single-point plugs, but they have the advantage 
that there is less variation between the successive dis¬ 
charges, as the inipulse ratio is less. For detailed 
information on this I must refer Mr. Lees to some of 
the published work on spark-gaps. The chief drawback 
of 3-point plugs is that under oily conditions, when 
incorrectly fitted, they are rather more liable to become 
short-circuited than the single-point plugs, but on the 


other hand their performance is more consistent and 
they last a good deal longer before burning away. 

In reply to Mr. Sammons. I doubt whether his expe 
rience during the War, of the relative merits of coil anh 
magneto ignition, can be taken as applying o pi • ^ 
day practice. In the first place the magnetos then 
available were either of American origin (and t no 
Americans had very little experience in magneto ’manu¬ 
facture), or, if they vrere made in this country, tnej 
were made by firms who were only just commencing 
magneto production, and who had, of necessity, to place 
all their best resources and experience at the disposa 
of the aircraft industry; but even so I note that Mr. 
Sammons goes on to state that the coil ignition systems 
gave a lot of trouble and that at the end of 3 or 4 years 
there was very little of them left. Mr. Sammons s 
remarks as regards batteries are certainly correct, ihe 
average motor-car battery, particularly on a private 
car, receives extremely bad treatment. It is sometimes 
grossly overcharged in summer, although not so fio- 
quently undercharged in the winter. On certain com¬ 
mercial vehicles and in particular in motor-bus services 
conditions are different, as the usual practice here is to 
fit a constant-voltage dynamo with a vibrating-type 
regulator, under which conditions the battery is much 
better treated and a substantially longer life is obtained. 

Dr. Miller's remarks as regards the relative capaci¬ 
tance of the high-tension lead and the coil itself are, 
I tliink, substantially correct, although I should put the 
secondary capacitance of a modern coil as being rather 
lower than the figure he gives. It is not, however, only 
the capacitance which is likely to alter, but also the 
leakage loading, and this will, I think, have the same 
general effect. I am not able, at the moment, to publisli 
an oscillogram giving the primary voltage wave-form, 
although I have actually made observations on this. 
Generally speaking, the primary-voltage wav^e is very 
similar to the secondary-voltage wave, and shows the 
existence of the high-frequency component due to the 
independent oscillation of the primary circuit impressed 
on the main fundamental oscillation due to the two 
circuits oscillating together. It is, of course, essential 
that the maximum voltage reached on the primary 
under any conditions should not exceed the figure at 
which a spark can pass across the contact points during 
the early stages of separation. Replying to Dr. Miller's 
query in regard to condenser puncture voltages, the 
usual figure is from 1 500 to 2 000 volts, the testing 
voltage varying between 500 and 1 000 for different 
manufacturers. 


Scottish Centre, at Edinburgh, 26th January, 1932. 


Prof. S. Parker Smith: The calculations associated 
with the design of a coil ignition system are difficult 
compared with those involved in the design of a turbo¬ 
alternator, transformer, or Ordinary motor. 

Designers know that in general the smaller the unit, 
the more diffilcult are the calcnlations involved. One 
advantage Of coil ignition is that a smaller starting set 
can be used with it than with the magneto. This is 
an important matter when one considers what a large 
percentage of the cost of the automobile goes to provide 


electrical equipment. The author has often drawn 
attention to the necessity of keeping the ping points 
properly adjusted and so avoiding the great danger to 
the insulation incurred by having too wide a spark-gap. 
With a coil the amount of plug adjustment necessary 
is usually far less than with a magneto. I have known 
a plug with multiple points burn away more quickly 
when used with a magneto than a single-electrode plug 
used with a coil. Apart from the risk of breakdown of 
the insulation, is there any such thing as plug deteriora^ 
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tion, i.e. a progressive decrease in the efficiency of the 
sparking system with time? I should also like to know 
whether the fibre heel wears more rapidly than the 
contact points. 

Dr. M. G. Say: I should be glad if the author would 
give a little more clearly the derivation of his equivalent 
circuit, with a diagram showing the assumed positive 
directions of the various currents and voltages. Without 
this the validity of the expression at the top of page 107 
is not immediately apparent. This expression presumes 
negligible self-capacitance. Is this assumption justified ? 
The capacitance C7, referred to the secondary side, is 
given hy {C 2 4* The ratio r may be 40 or more, 

so that even with a large primary (contact-breaker) 
capacitance the effect of the latter in the secondary 
must be comparatively small. Thus the secondary 
capacitance becomes the more important, and it 
must surely consist chiefly of self-capacitance, so that 
the voltage obtained at the secondary terminals is less 
than that given by the theory, quite apart from the 
effect of damping. It would appear that any reduction 
of the self-capacitance would be advantageous, in that 
the available energy would be more usefully employed 
in charging up the small external (plug and h.t. lead) 
capacitance to a higher voltage. If the author has 
avmlable any oscillograms showing the growth of the 
primary current, their publication would be of interest. 
I should like to know what is the effect of sparking at 
the contact breaker. Presumably such sparking reduces 
the efficiency and available energy. It appears that if 
the contact-breaker condenser is too small, sparking 
occurs, whereas if too large it reduces the energy 
imparted to the secondary winding and in turn lowers 
the peak voltage reached. I should appreciate details 
of the wattmeter, electrostatic voltmeter, and rectifier 
valve shown in the test circuit of Fig. 27. 

Mr. E. Seddon: The electrical ignition of the earlier 
type of internal-combustion engine was by means of 
trembler coils, then came the plain make-and-break, 
after this the magneto, and now we are back to the coil 
again. American cars, on the other hand, have always 
been fitted with coil ignition. The omission of the 
magneto drive no doubt makes for a quieter engine, 
and the majority of light 6-cylinder cars now appear 
to be fitted with coil ignition, but—^possibly owing to 
mass production on cheap lines—the reliability of coils 
leaves much to be desired. I had only used my present 
car for a month when the coil broke down: I now carry 
a spare coil, as I . have not as much confidence in this 
form of ignition as I had in the magneto. It is logical 
that a stationary piece of apparatus such as a coil 
should be the most reliable part of an engine unit, but 
I am afraid that the desire for cheapness makes it 
dif&cult for the makers to turn out a first-class article. 

I should like to ask the author which part of a coil is 
responsible for the largest number of failures: is it not 
the high-tension winding ? The coil introduces a further 
weak link by placing more responsibility on that mechani¬ 
cally weak, assembly, the accumulator. Now that the 
cpil is replacing the magneto, it would seem desirable 
to run two separate sets of batteries in parallel in case 
of trouble. ^ It is possible that one pair would still be 
in a sufficiently satisfactory condition to operate the 


coil, even if the other broke down. I should like to ask 
the author whether the coil could not be satisfactorily 
built-in with the distributor unit, in order to reduce 
the number of separate parts which have to be wired 
up. I should also like to know whether any experiments 
have been carried out with the rotary t 3 q)e of make-and- 
break, as at high speeds inertia causes difficulties in 
connection with all types of reciprocating motions. 

Mr. E. R. L. Fitzpayne (communicated): I should like 
to give some statistics bearing on the question of magneto 
versus coil ignition. The City of Edinburgh Transport 
Department operates 61 omnibuses fitted with coil 
ignition; between May 1931 and January 1932 46 coils 
developed faults, 26 of these coils being under guarantee. 
The inconvenience caused thereby has not been as 
serious as it would at first appear, for each omnibus is 
fitted with two coils. When one coil becomes defective 
the driver connects up the other one. The remaining 
90 omnibuses operated by the Department are fitted 
with magnetos, and over the same period 22 magneto 
failures occurred, but 200 magnetos had to be removed, 
dismantled, and overhauled in the ordinary course of 
maintenance. On our first coil-ignition omnibuses the 
coils were fitted in an enclosed box which was badly 
ventilated, causing overheating of the primary resis¬ 
tance. The box was earthed through the screws fixing 
it to the dashboard, and this arrangement also gave 
trouble by causing arcing at the points. However, 
when the box w^as properly earthed and ventilated no 
more trouble was experienced. The latest omnibuses 
have the coils fitted on an open board under the bonnet, 
and are much more satisfactory. In the paper the 
author states that the maximum current is obtained 
under low-speed conditions and also that voltages at 
starting are usually higher than at speed. This of 
course means that a good spark is obtained at starting 
^when it is most required—-and is probably the reason 
why certain cars employ coil ignition for starting and 
magnetos for miming. The author also states that the 
practice of mounting the condenser on the outside of 
the distributor is gradually being abandoned. In 
Edinburgh we have experienced so much trouble owing 
to the condenser becoming saturated with oil when 
inside the distributor, that we insist on its being outside. 
We still have some trouble owing to oil creeping into 
the distributor and getting on to the points, but we 
have eliminated it to a large extent by having an oil 
thrower fitted between the skew wheel drive and the- 
spindle. On page 123 coil construction is described, 
and out of curiosity I therefore pulled a coil to pieces. 
This coil had a wire core, whilst round the primary was 
placed a plain tin sheath instead of the slotted and 
laminated iron sheath described by the author. In 
order to improve the performance of the petrol engine 
modem research is endeavouring to increase the com¬ 
pression ratio, and it would therefore be interesting to 
know how this will affect coil ignition. 

Mr, E. A. Watson (in reply): Prof. Parker Smith's 
point as regards the burning away of plug points has 
been dealt with in my reply to Prof. Marchant. As 
regards progressive plug deterioration, I have never 
noticed actual deterioration of the insulation, other than 
by charring and roughening of the surface,' permitting 
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of the deposition of a conducting film of carbon, although 
mica plugs will occasionally gradually develop leakage 
through the insulator itself, owing to disintegration of 
the mica under the effect of temperature-changes. As 
regards the wear of the fibre heel, the makers naturally 
endeavour to make the fibre heel and the contact points 
wear at equal rates, so as to avoid any readjustment. 

In reply to Dr. Say, my assumption that the secondary 
self-capacitance is all concentrated at the end of the 
winding is doubtless not perfectly accurate, but I am 
afraid that if one endeavoured to take everything into 
account the mathematical considerations would become 
excessively involved. Dr. Say is quite right in saying 
that any reduction in self-capacitance would be advan¬ 
tageous, and I have always found it helpful in designing 
coils to aim at keeping this as low as possible. Generally 
speaking, to obtain a low self-capacitance necessitates 
increased thickness of insulation between the layers of 
the winding, which in effect increases diameter, the 
length of mean turn, and the cost of the copper, so that 
there is naturally an economic limit to this. The curves 
showing the growth of primary current to which Dr. Say 
refers are ordinary exponential curves and do not give 
any particular information, while the chief effect of 
sparking at the contact-breaker is to destroy the contact 
points and cause premature failure of the system. 

Mr. Seddon will find the question of magnetos versus 
coil ignition systems dealt with on page 1S2, while as 
regards the point which he raises of failures in the high- 
tension winding I would say that in my experience the 
bulk of these have not been due to any attempt to 
cheapen the coil, but to lack of appreciation by manu¬ 
facturers in the early days of the severe stresses caused 


by concentration of stress at the end-turns, due to the 
high-frequency surges produced at each spark. Modern 
coils, in which suitable reinforcement is used on the 
end-turns, are, like modem transformers, very reliable 
indeed. Mr. Seddon*s suggestion of building the coil in 
with the distributor as one unit has often been put 
forward, but there are many constructional difficulties 
involved. After all, a coil has to be given certain 
dimensions, if only to enable it to radiate the heat if it 
is left on circuit, and these dimensions usually inake it 
inconveniently large to combine with the distributor 
itself. Mr. Seddon's query as regards the use of the 
rotary-type make and break will be found answered bn 
page 134. 

I am very interested in Mr. Fitzpa 3 me’s statistics as 
regards service troubles on buses fitted with magneto 
and coil ignition. It is, of course, essential that the 
mounting of the coil should be given a certain amount 
of attention, and troubles can occur through incorrect 
mounting and insufficient ventilation, as the dissipation 
of a certain amount of heat must, of course, be provided 
for. I ^v>inV that the coil which Mr. Fitzpayne took to 
pieces must have been of rather old design, as the use 
of sheet laminations for the core is practically universal 
to-day, while the sheath is either slotted, as indicated 
in the paper, or consists of two or three layers of thin 
metal superimposed. As regards the effect of increased 
compression ratio, this does not seriously affect the plug 
voltage, as in general increased compression ratio means 
a hotter-running plug, and the increased temperature 
of the electrode reduces the sparking voltage very nearly 
as much as it would be raised by the increase in com¬ 
pression. . ' , 


Additional Communication to the Discussion. 


Mr. J. Bethenod [communicated)'. I should like to 
point out that formulae very similar to those of the 
author were derived in my paper Sur rallumage par 
batterie des moteurs 4 explosion ** which was published 
in Journal de la SocUU des IngSnieurs de VAutomobile 
in June 1929, pp. 650-668. 

Mr- E. A- Watson [in reply ): I api indebted to Mr. 
Bethenod for drawing my attention to his previous 
paper, which bad not come to my notice at the time 
my paper was written. I am interested to note that 


his r^ults in general confirm my own—although he 
obtains a figure of 1*27 for a value of MtjL in equation (3) 
on page 126 against my value of 1 • 266. This value 
must in the nature of things be a mathematical constant, 
and it would be interesting to know exactly what the 
value is. In my case it was only obtained through 
solution by trial of equation (2), while I fancy that in 
Mr. Bethenod's case it has been obtained by plotting 
the curve and taking the point at which it attains its 
maximum value. 
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DISCUSSION ON 

“ TWO TRANSMISSION-LINE PROBLEMS—SUSPENSION INSULATORS FOR INDUSTRIAL 
AREAS IN GREAT BRITAIN; CONDUCTOR VIBRATION.”* 

North Midland Centre, at Leeds, 12th January, 1932. 

Mr. S. R. Siviour: It is quite evident that the use aggravates the flash-over difficulty? The material of 

of 4 discs in series on the 66-kV lines of the North-East which such guards are made has a surface which might 

Coast system gave too small a margin of safety. In collect dirt and possibly increase the risk of trouble, 
this area we started with 6 discs on suspension sets and Bird guards can be eliminated by a suitable design of 
6 on strain sets and these have given satisfaction, bracket which does not provide perches for the birds, 

although regular cleaning is necessary at points subject Mr. E, A. Logan: In common with the author I 
to severe contamination. The nature of the deposit gained my first experience of overhead transmission in 
varies considerably with local conditions, but our the neighbourhood of Newcastle-on-Tyne, and in conse- 
chief trouble has been with an oily, tarry deposit: the quence I was for a long time in the habit of regarding 
amount varies considerably, even between insulators on the detrimental deposition of dirt as normal to over- 
the same pole, due to the shielding effect of the latter. head-line insulators. At that time I thought that to 
I agree with the author’s remarks on the British Standard overcome troubles arising from dirt deposits it was 
Specification ratings, the flash-over values of which necessary to provide insulators of a size greatly in excess 
obviously refer to new, clean insulators, whereas when of that necessary to withstand with a large factor of 
these insulators are tested after a short exposure under safety the line voltage under wet test conditions. The 
average service conditions they show greatly reduced precise effect of dirt in causing breakdown was then not 
flash-over values. Experience in industrial areas indi- fully appreciated, but breakdown was generally attri- 
cates that the wet flash-over voltage should be 60 to buted to a covering of rain or mist over the whole of 
70 per cent higher than the B.S.S. ratings. I should the leakage surface of the insulators not overhung by 
like to ask whether the line insulators concerned in the sheds. Acting on this assumption, with disc insulators 
author’s investigations were fitted with arcing rings or it was decided to aUow one more unit in tension or 
horns, and whether these materiaUy affect the results, horizontal positions than in suspension or vertical 
My experience is that flash-overs occur more frequently positions, since it was supposed that the tension insu- 
m the e^ly mor^g or late evening, when presumably lator could be wetted over its whole surface whilst the 
^e ^uipment is covered with a film of moisture. suspension insulator would remain dry on its under-side. 

oUution appears to affect suspension sets chiefly: Hence the 4 units and 6 units mentioned on page 806 
strain sets keep much cleaner and pin-type insulators as being provided on the N.E.S. Co.’s lines. This would 
X. the desi^ is right. We have been qmte logical had the insulator remained 

rife anticipated that the unwashed 

tte oily, ta^ J have mentioned. As regards surface of the suspension insulators would be fouled at 

^ insu^tor (Fig. 6), I question the advisabiUty the rapid rate which was, in fact, experienced. Very 

&1S SdSfpS^a 07 ^*“^ pockets be^een the shortly after the lines had been put Lo commissio^ 
uns. Reg^dmg Part 2 of the paper, I should hke to hne patrols reported heavy discharges on certain lines 

p Diem of suction he was able to trace the effects situaUons sufficient dirt may be denosited in 3 months 

7heSrikr7esS?'S? So^h “ conductor and to cause Uouble even in spite of the fficreased iLulaU^n 
wnetner the results differ from those obtamed with resulting from the addition of the extra disc I infer 

generally understood that this from the statement on page 806 that the cost of 
mSt .XTi-^ conductors are used regard cleaning is £6 per circuit per 2 pS cl^nrauTttiat 

^ a7th7?s7i the^annual co^t XXo L drcuS- 

making periodic contact The cause was sleet a some areas of a fully available duplicate supply and 

loadinf lder rlpS^XL^S teXeXXfIoXlXH 7"®“^ restoring supply in the event of Lak- 

with ^ obUque ^d the^maiLXK7wnHX7\7 down on another part of the circuit. Whilst the figure 
butit was necessXyto'^^^^'XSlm stated, iffie annual cost of all the cleaning, !tc., 

thesag. DoesnoS a7SstvfsSatio^?eS ^ considerable,^and it 

theim^S^^S^;^ 

Paper i>y iir. P. j.Rvr.{see voi.6», p.805). was Submitted to the Institution sufficient experieSe 
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should have been obtained to permit the author to 
make a definite pronouncement on the relative merits 
of the two types illustrated in Figs. 6 and 6. The 
detrimental effect of the gaseous discharge from pul- 
verized-fuel plants is of particular interest to the designers 
of super-power stations. The means of disposal of the 
electricity produced by a station is at least as important 
as the means of generation and, therefore, in these days 
of outdoor main switchgear and overhead outgoing 
main transmission it should be reasonable to allow a 
sum for the cost of additional insulation of these items 
when comparing a proposed pulverized-fuel system 
with other systems. Whilst for convenience of study 
of the problem discussed in Part 2 the author chooses 
to separate the small, relatively high-frequency, vertical 
oscillations of the conductor from the swinging move¬ 
ments, in practice one condition can, under suitable 
conditions, merge into the other and obscure or com¬ 
plicate the effects. One explanation of the vibration 
effect is that the force on the conductor arises from a 
lack of parallelism between the axis of the slip stream 
of the air behind the conductor and the streamlines of 
the general direction of the air flow which constitutes 
the breeze due to the formation of a non-symmetrical 
eddy. The conductor is thus responsible for causing a 
change of direction of the air flow, as a result of which ! 
it experiences a force. In general, the eddies form suc¬ 
cessively on alternate sides, but under special circum¬ 
stances they may be maintained in a stable state on one 
side only, e.g. by causing the cylinder to rotate. The 
force thus becomes unidirectional. An example of the 
utilization of this unidirectional force is the so-called 
rotor ship," which attracted a certain amount of Press 
comment some years ago. In this example the eddy 
was caused to remain in the air stream on one side of the 
cylinder by causing it to rotate, the resultant force 
being utilized to propel the vessel. An example of the 
formation of eddies on either side of a cylindrical body 
is provided by the flapping of a flag attached to a flag¬ 
staff. Here the flag waves in the breeze due to the 
eddies, which may be seen running along it. With 
regard to standing waves: a standing wave is the par¬ 
ticular case of two travelling waves each of half amplitude 
travelling in opposite directions. Here the positive 
and negative energy-transfers along the ^w^ire obviously 
cancel out. The device suggested in Fig. 20 can ap¬ 
parently only act by causing bending of the conductor 
at the entrance to the clamp, and in this connection 
the author states: "It is obvious that this bending 
involves highly localized energy dissipation . . . and may 
be injurious to the cable." From this one would infer 
that the conductor clamp is not the best place at 
which to attach an energy-absorbing device, particularly 
as experience of actual conductor fracture and theoretical 
considerations alike indicate that the clamp, which is the 
only permanently nodal point on the line, is also the 
only potential danger point. 

Mr. B. D, Youatt : Whereas the problem of the 
polluted overhead-line insulator is important, the 
danger arising from conductor vibration is not great 
where lines are designed for ice loading. We are accus¬ 
tomed to select our insulators on the basis of the B.S.I. 
tests, but these have nothing to say with regard to 


depreciation under operating conditions. Some form of 
pollution test with a specified minimum flash-over voltage 
is urgently required. A good deal of work has been 
done in this direction, but so far with no great measure 
of success. In Table 2 the author gives an indication 
of how this question might be dealt with. In that 
table he compares the total leakage resistance of different 
tjTpes of unit with the leakage resistance of their rain- 
washed portions. If the parts of an insulator which are 
shielded from rain and which therefore collect dirt were 
short-circuited by means of some conducting paint 
and then subjected to the standard rain test, the latter 
would probably give a better indication of their insu¬ 
lating value under operating conditions. A fog test 
would be prelerablef, but it is very difficult in practice 
to produce a convincing fog by artificial means. I note 
that the author does not subscribe to the theory that 
the electrostatic field appreciably affects the rate or 
extent of pollution. With regard to vibration, the 
theory that he puts forward to account for the limitation 
of amplitude by friction is interesting, as it explains the 
observations made by Varney and others that a vibra¬ 
tion angle of 0*5® is rarely exceeded in practical cases. 

A solution of the problem of vibration which is not 
mentioned in the paper might ^be deduced from the 
methods adopted at sea in dealing with a similar trouble 
during the War. In order to counteract the danger from 
mines, paravanes were attached to the ship^s bows by 
means of cables under considerable tension extending 
at right angles to the side of the ship. At first the 
vibrations produced in the cables securing the paravanes 
were so severe that they had a very short life. It was 
finally discovered that if the cables had a cross-section 
approximating to a triangle the vibrations were much 
reduced, and that considerable improvement was 
obtained if three cables were laid up to form one 
cable. 

Mr. J. H. C. Brooking ; I should like to refer to -^e 
three methods of overcoming trouble due to conductive 
deposits which have been tried in practice. The first, 
which consists in the use of more and deeper sheds, 
is stated by the author to have proved unsatisfactory 
in some cases. The second, that of increasing the size 
of the insulators, provides not only a longer but also a 
broader leakage path, and therefore affords wider scope 
for surface conductance. The third remedy proposed 
is to increase the area of the rain-washed portion of the 
insulator by putting the ridges outside, and this also 
has been criticized at previous discussions on the paper. 
A solution which does not appear to have been dealt 
with is that of considerably increasing the length of 
the surface path by extending the sides of the insulator 
in the form of sleeves covering the exposed part of the 
conductor adjacent to the insulator, or the suspension 
shackle of the string type. It may be that tMs sugps- 
tion has not been considered because of the limitations 
of porcelain, in regard to the likelihood of breakage by 
vibration of the wire where so enclosed, but it provides 
a possible method of getting over the trouble if the 
right kind of material is used. At the time of the salt 
storms in December 1928, my company heard from 
some users of Pemax bird-guards that wherever these 
were fitted to line insulators shut-downs of the lines did 
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not Occnt, whereas lines not equipped in this way were 
affected by the conductive condition of the atmosphere 
and thrown out of use. As a result of this experience 
a hood made of " Pernax has been designed, which 
covers the whole of the porcelain insulator, whether of 
the pin or the shackle t 5 q)e, and thus prevents the 
conductive moisture from affecting its surface. Pemax 
seems to be less retentive of conductive moisture than 
porcelain. It may, however, not be due so much to 
the material or the design of the bird guard which is 
now incorporated in this insulator hood, as to covering 
up the live wire on each side of the insulator, thus 
keeping it at a great distance from the earthed pin or 
shackle. This form of bird guard has saved overhead 
lines from trouble during salt storihs; the sleeves on 
either side provide a longer path for the current to 
traverse to earth. The top’ of the insulator is covered 
by the Pemax cap and is thus probably kept clean. A 
further type of bird guard has since been designed 
especially to cover the whole of the external surface of 
porcelain insulators on pins. The sleeves on either side 
cover a length of conductor also. They can be extended 
to any distance, because Pemax is not friable or likely 
to be broken by vibration. A lantern slide shows a 
string of eight insulators hooded with Pemax for use at 
132 000 volts, and these sleeves also can be extended to 
any length on either side. The Central Electricity 
Board have decided to test this design at one of their 
stations. This t 3 q)e of hood for lessening conductive- 
deposit troubles can be made not only of Pemax, but 
also of any other highly insulating material that is 
unlikely to be broken by overhead-line vibration, and 
is not affected by the weather. 

Mr. W. R. T. Skinner: With regard to the design 
of insulator shown in Fig. 5, would it be practicable to 
use a spiral groove on the outer surface, instead of a 
series of circular grooves ? The circular grooves have 
to be sloped outwards and downwards in order to 
provide drainage, whereas a spiral groove would be 
self-draining even if the groove were sloped outwards 
and upwards. The information given in the paper 
leads me to think that an upward sloping groove might 
be even more effectively cleaned than one with a down¬ 
ward slope. The scouring action of water draining 
down the spiral groove should be considerable. 

Mr. C. R. Clarke: It appears that the so-called 
suspension '' insulator has given no trouble when used 
as a tension member, and I’ therefore see no reason why 
the two surfaces of a tension unit should not be similar. 
Could not both surfaces be corrugated, and, if so, would 
it then be possible to dispense with one unit of a string, 
giving an increased clean leakage surface ? 

Mr. R. G. Ward: I should like to ask two somewhat 
simple questions. First, the author mentions that 
" Pyrex " has been used for insulators; I take it that 
he refers to the electrical resistant glass. Has any 
other kind of glass been tned, and why particularly was 
I^ex used? I have always been led to understand that 
glass is one of the best insulators, and in this case it 
will probably be one of the worst for collecting dirt of 
the type which accumulates on the under-side of an 
insulator. My second question is effect 

On the conductor when it gets into a swing similar to 


that which the author obtained with a chain? Is there 
any tendency to unwind the strands ? 

Mr. E, A. Mills: I should like to inquire the object 
of corrugating the suspension insulator shown in Fig. 5, 
as in view of the tendency of dirt to collect on the 
under-sides of the corrugations a smooth surface would 
appear to provide better results. Corrugations on any 
form of insulator are difficult to clean, and I feel that 
it is a retrograde step to introduce them on insulators of 
modem design. 

Mr. P. J. Ryle reply ); Mr. Siviour mentions that, 
in the Yorkshire Electric Power Co.*s area, the chief 
trouble has been from the oily, tarry type of deposit, 
and that the intensity of deposit varies greatly even on 
insulators on the same pole. The paper is intended to 
give a general review of the problem, and no detailed 
consideration is given to different t 3 q)es of industrial 
deposit or to different degrees of fouling. My experi¬ 
ence is similar to Mr. Siviour's in regard to the sur¬ 
prising degree of non-uniformity of deposit intensity 
which is often noticed in a given area. I think Mr. 
Siviour*s estimate of 60 per cent to 70 per cent over 
British Standard Specification ratings is a little pessi- 
mstic and I am of the opinion that, for pin-type 
insulators of normal shapes, 60 per cent would probably 
be a reasonable margin. At the same time it must be 
reiterated that the wet flash-over test is not necessarily 
I a good guide to the performance of insulators in dirty 
areas. In my opinion it is not improbable that insula¬ 
tors could be made of such shapes that they only just 
complied with the British Standard requirements, whilst 
giving much better service results than standard shapes 
designed to meet the same wet flash-over specification. 

I do not think that arcing rings or horns would have any 
appreciable effect, one way or the other, on the per¬ 
formance of insulators up to, say, 66 kV. At 132 kV 
and upwards, arcing rings may be of some benefit since 
they help to equalize the voltage per unit of the long 
insulator strings. Without such rings, the last unit of 
a 132-kV string may have to carry 26 to 30 per cent of 
the total voltage and therefore may be a very weak link 
m the electrical chain. On the other hand, when 
insulators are heavily coated with semi-conducting 
deposits there is already a considerable self-equalization 
of voltage over the string, so that the arcing ring may 
not be of much additional benefit. The chief aim of 
arcing horns and rings is to minimize damage to the 
conductor and the insulator string itself caused by the 
power-arc following flash-over. With regard to Fig. 6, 
several speakers have been under the impression that 
^e extern^ ribs are overhung. This is not so. Fig. 6 
is, perhaps, misleading in this respect, and Fig. O is 
given on page 262 to show, to a larger scale, the actual 
shapes of these ribs as adopted on the insulators 
now undergoing trial. On the Newcastle Electric 
Supply Co.'s system I do not think that bird guards 
have had any appreciable effect on tendency to flash- 
over. On the 66-kV lines no bird guards have been 
used, and on the lower-voltage (pin ^ulator) lines the 
bird guards, where used, have been of types fixed to 
the cross-arms only. For the last three or four years 
bird guards have been entirely abandoned^ except on 
certain special switching poles, etc., and complete im- 
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munity against bird troubles has. so far been given by 
tilted cross-arms on which birds will not perch. With 
regard to Part 2 of the paper, my discussion of inter- 
strand friction and its effects is so far entirely theoretical, 
and I have not yet had opportunity, to carry out any 
experimental work on the subject. There is no doubt 
that the effects would vary with different conductor 
materials, as well as with different strand diameters, 
angles of lay, etc., as will be evident from a study of 
Appendices I and II. Mr. Siviour’s experience of 
dancing ” conductors, whilst not within the scope of 
the paper, is of interest. I have known a case where 
'' dancing '' must have been the cause of clashing which 
definitely occurred between conductors at 4 ft. vertical 
spacing (400-ft. spans, 0-1 sq. in. copper conductors). 
In this case there was no question of sleet or rapid 
temperature-changes. The phenomenon occurred on 
two different dates, at a certain individual span, each 
time putting the line out of service. On both occasions 
there was a high wind, but the phenomenon was not 
actually observed by anyone. After the second occa- j 
sion I made a point of visiting the particular span 
several times when high winds were blowing but saw no 
signs of dancing, the conductors merely being blown out 
of the vertical and remaining steadily in their normal 
relative positions. So far, the phenomena of ** dancing 
are far more obscure than those of vibration as defined 
at the beginning of Part 2 of the paper. 

Mr. Logan infers that the approximate costs of insu¬ 
lator cleaning given on page 806 (vol. 69) are only 
inclusive of actual labour and materials. This is cor¬ 
rect, and he rightly calls attention to the less tangible 
costs which may have to be borne by the supply author¬ 
ity, such as interest on idle capital investment and 
temporary loss of service reliability owing to non¬ 
availability of complete duphcate supply. In some 
cases one might also include cost of additional copper 
losses where both circuits of a double-circuit line, or 
both sides of a ring are normally maintained in service. 
Of course, many such incidental costs would usually not 
be very serious since cleaning would be confined to 
week-ends or times of light load, and the work can 
always be called off at, say, half an hour^s notice, if 
necessary. On this subject, I would refer Mr. Logan to 
Mr. Stedman's contribution to the discussion at New¬ 
castle, It becomes very obvious that the industry 
could well afford to pay for a large amount of serious 
research on the subject. I agree, in praciple, with Mr. 
Logan's suggestion that in comparing a projected 
pulverized-fuel station with an ordinary coal station 
something should be allowed for the additional cost of 
outdoor insulation required for the former. Since, how¬ 
ever, we know neither how far from the station the 
polluting effects niay be serious nor, in the present state 
of knowledge, what improved insulation to use, no very 
reliable estimate could be made. In actual fact the 
additional cost of any improved insulation would 
probably .be very small in comparison with the total 
power-station costs. As regards service performance of 
the insulators shown in Figs. 5 and 6, 36 strings of 6 
units of each type have now been in service on lines for 
a year without trouble. A string of 4 units of each type 
has also been kept alive on the testing rack for well over 


a year ^without flash-over. None of these special insu¬ 
lators has been cleaned, but in the period under review 
dirt pollution has been less than normal owing to the 
industrial depression, and unusually few serious fogs 
have occurred in the di^tti6t. Little .definite informa¬ 
tion has therefore yet been obtained, except that either 
type of insulator is, in itself, quite satisfactory for 
normal operation. Mr. Logan's remarks on eddy 
formation in Part 2 of the paper summarize clearly 
the phenomena involved. It is, unfortunately, imprac¬ 
ticable to rotate overhead line conductors, but the 
formation of stable eddies on one side, of the conductor 
only could also be obtained by the use of specially 
shaped (non-circular) conductors, A brief reference to 
this solution in connection with paravane towing cables 
is made on page 812 of the paper. I believe that the 
use of non-circular conductors is actually being con¬ 
sidered in the United States for certain future 220-kV 
hues. There would be no great difiiculties in manu¬ 
facturing such cables, but serious difficulties arise in 
connection with fittings, especially the tension clamps 
and joints. Mr. Logan’s reference to the visual illus¬ 
tration of eddy formation by a flag pole and flag is 
extremely interesting, but it is possible that the flag 
itself may have something to do with the eddy forma¬ 
tion. A flag attached to a fine taut wire, instead of to 
a pole, would probably show evidence of non-stability 
of air flow. Mr. Logan's conception of standing waves 
is identical with that indicated in my reply to Prof. 
Thornton at Newcastle. With regard to the device 
shown in Fig. 20 I agree that the clamp is not the best 
place for a true anti-vibration device, but it is a con¬ 
venient place and one not introducing any new ** hard- 
spots " or points of possible risk due to clamping inden¬ 
tations. A hydraulic damper, if one could be made to 
have ideal characteristics, might act in such a way that 
no appreciable vibration amplitudes would ever build 
up. If this were the case, the fact that it added to the 
mass associated with the clamp would be of no impor¬ 
tance. 

Mr. Youatt implies that the risks of conductor vibra¬ 
tion, where the lin^s are designed for ice-loading, are not 
very great. In general, I agree, but heavy vibrations 
are frequently observable on large-conductor lines in 
this country and I have recently had my attention 
called to various minor troubles such as loosening of 
bolts on insulator fittings, and even breakages of certain 
parts where trouble would never be expected. Time 
alone can show whether or not the conductors of any 
particular type of line will stand up to the effects of 
vibration.* I agree with Mr. Youatt that some standard 
pollution test for insulators is very desirable, but can 
see no possibility of formulating such a test in the 
present state of knowledge. The proposal to paint 
those parts of insulators which normally collect most 
deposit with conducting paint prior to rain or mist 
flash-over tests, is of considerable interest and might 
lead to useful information on the relative values of 
insulators of widely different shapes. In connection 
with cables of non-circular section I would refer Mr. 
Youatt to my reply to Mr, Logan, 

Mr. Brooking refers to the possible use of Pernax ' 
or similar material for covering, wholly or partly, the 
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insTilator and also covering tbe line conductor at either 
side of the insulator with a view to lengthening the 
leakage path to any desired extent. This suggestion, 
altiiough at first sight revolutionary, is hot to be sum¬ 
marily dismissed and I Hope that Mr. Brooking wiU 
follow it up by research and test. If a pin-type insulator 
or suspension string were to be completely enclosed in a 
* Pemax shield, it might be difficult to ensure satis¬ 
factory service under heavy rain, and new troubles 
might be introduced by moisture condensation or by air 
ionization inside the enclosing shield. 

Skinner suggests 'a suspension unit generally 
similar to that shown in Fig. 5, but with an upwardly- 
opening spiral groove. Messrs. Steatite and Porcelain 
Products, Ltd., have already made experimental units 
of tMs type, and a string of four units is now on the 
testing rack at North Tees. This string has^ so far, 
only been alive for a feiw months, but without flash-over. 
There is a slight tendency for dirt to collect in the 
bottom of the groove, presumably due to rain washing 
it off the sides of the groove and leaving it at the bottom 
when drying. It would need a very heavy rain indeed 
to produce anything like a scouring action at the groove 
bottom. 

In reply to Mr. Clarke, there is no reason why both 
surfaces of a tension unit should not be similar and 
corrugated, if necessary, excepting, possibly, certain 
manufacturing difficulties and the fact that since tension 
strings of normal units give good service there would be 
no incentive to manufacture units of non-standard and 
probably expensive design. Some development work is, 
however, being done on tension units designed to give 
the maximum rain-washed surface. 

In reply to Mr. Ward, I have no direct experience of 
either '' Pyrex " or ordinary glass suspension insulators, 
except that a string of purely experimental Pyrex 
insulators is erected on the testing rack. There are 
fields of use for both ** IPyrex. ** and ordinary glass pin- 
t 3 ^e insulators to-day, but, as far as I am aware, these 
materials have not yet proved themselves suitable for 
disc-type insulators owing to mechanical-strength re¬ 
quirements. From visual examination, only, of the 
experimental strings on the testing rack, ‘'Pyrex*' 
appears to be neither better nor worse than porcelain 
from the point of view of collecting dirt deposits. Re¬ 
ferring to the experimental demonstration of rotating 
waves (see Appendix III of the paper), although the 
loops rotate, the chain itself does not revolve and there 
is no twisting action. For instance, in demonstration (6) 
one end of the chain is held firmly in the hand and the 
other is held on a fixed hook so that there can be no 
rotation or twisting of the chain itself. The vibrations 
of a transmission-line conductor are usually plane or 
nearly so. This can sometimes be seen very well at a 
tension string on a 132-kVTine where a circular guard 
ring is attached to the line end of the string. Under 
suitable conditions of heavy vibration the osciUations of 
the guard ring clearly indicate the vertical plane of the 


conductor vibrations. The top and bottom of the 
guard ring appear blurred, whilst points on the hori¬ 
zontal centre line across the guard ring remain perfectly 
cleax. 

In reply to Mr. Mills, the object of corrugating the 
upper surface of the insulator shown in Fig. 5 is that of 
increasing the length of the dean, and therefore most 
effective, part of the leakage path. There is practically 



no tendency for dirt to collect in the non-overhung 
grooves on the upper surface, and 1 would refer Mr. 
Mills to col. 1 on page 810 of the paper, to my replies to 
Mr. Langton and Mr. Fairer (pages 846 and 847), and to 
O referred to in my reply to Mr. Siviour. Inci- 
dentaUy, when insulators of this form do require dean- 
ing the cleaning of the external corrugations is very 
easy, and presents a problem very different from that of 
cleaning the corrugations on the under-sides of standard 
insulators, especially those nearest the central pin. 
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HEAT LOSSES DUE TO LOAD CURRENT IN DIRECT-CURRENT 

ARMATURE WINDINGS.* 


By E. A. Hanney, M.Eng., Associate Member. 


{Paper first received 16th August, an 
Summary. 

Designers of alternating-current machinery have long been 
able to make rapid estimates, by means of published curves, 
of the heating effect due to current displacement in slot- 
wound conductors. The wave-shape of the current in the 
windings of direct-current armatures is complex, since it is 
rich in harmonics. The estimation of the heating effect due 
to current displacement in direct-current armatures has 
hitherto necessitated laborious calculation, for each case on 
its own merits. The busy designer rarely has the time to 
carry out such a long process, and it is probable that in most 
cases guesswork is resorted to. 

In this paper an attempt is made to provide curves, by 
the use of which the heating of direct-current armatures may 
be estimated rapidly. It is believed that results are obtain¬ 
able with fair accuracy, and with almost the same rapidity 
as is associated with the estimation of the loss in an alter¬ 
nating-current machine. It is not possible to construct one 
curve for use in all cases; a standard'* curve is given, 
which refers to a single-turn full-pitch winding, having 
16 slots per pole and 46 commutator segments per pole. Two 
additional curves give coefficients which enable other full- 
pitch single-turn windings to be dealt with. The heating 
ratios so obtained do not differ from those obtained from 
individual calculations by more than 2 per cent in any 
practical case. Curves are also given for windings which 
differ from the standard winding in having (a) two turns 
per coil, (b) three turns per coil, (c) chording. The question 
of the critical height of conductor, and the question of the 
use of unequal heights for the two layers in a slot, are also 
touched upon. 

It is, perhaps, not generally realized that current displace¬ 
ment is present at all times in a direct-current armature 
winding; it is not confined to the period of commutation. 
A set of current-distribution curves has been calculated for 
one case, to show this. 

The author hopes to deal with the problem of the rotary 
convertor, and the problem of unusual winding arrangements 
designed to reduce heating losses, in a subsequent paper. 
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List of Symbols. 

/ = frequency of a periodic function, cycles per 
second. 

h = height of one conductor, cm (see Fig. 6). 

Jc == maximum current (amperes) in one con¬ 
ductor of a direct-current armature 
winding. 

=s vector notation of a sinusoidal current com¬ 
ponent, of amplitude J^. 

hf Ib = current flowing in a slot below the con¬ 
ductor in question. 

K = ratio between the heat loss due to a sinu¬ 
soidal alternating current, and the loss 
which would occur if the current were 
uniformly distributed throughout the con¬ 
ductor. 

jB:,i = K when specifically applied to the nth har¬ 
monic of the trapezoidal current [see 
Fig. 2(&)] of maximum value Iq. 

Kn = ratio between the heat loss due to the nth 
harmonic of the trapezoidal current of 
maximum value Iq, and that due to a 
steady current Iq (see Section 4). 

= ratio between the heat loss due to the 
trapezoidal current of maximum value 
and that due to a steady current Iq . Kq 

r = buried length of one conductor, in cm. 

== total length of one conductor, i.e. active 
length + length of end connection. 
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List of Syu'bo'ls— continued. 

M = coth ah = (see Section 4). 

N = 2ah tanh \ah = -f- jJSf^ (see Section 4). 

n = order of harmonic. 

= nnrnber of cpil-sides side by side in a layer in 
one slot (see Fig. 1). 

p = the number of a conductor in one coil-side of 
a layer, counting from the bottom of the 
layer (see Fig. 1). 

s =: number of turns per coil in the winding, i.e. 

conductors in series per coil-side (see Fig. 1). 
t = time, in seconds. 

Wc = total width of conducting material in one 
layer across the width of the slot, in cm 
(Wfi = X width of one conductor). 

‘ Ws = width of slot, in cm (see Fig. 6). . 

X = height of a level in a conductor, measured 
from the boundary of the conductor remote 
from the slot mouth (see Fig. 6). 
a —a semi-imaginary'' quantity; a = |a|/45® 
(see Section 3). Except where expressly 
stated in Section (3), a is calculated for 
the fundamental, of angular velocity m. 

|a| =: numerical value of a; a function of/, w^, p 
(see Section 3). 

2^ « angular width of commutating zone for one 
coil; an electrical angle based on the pole- 
pitch as angle tt (see Fig. 2). 

A = instantaneous current density, amperes per cm^. 
\ s= vector notation of sinusoidal component of 
^ current density, at height a? in a conductor. 

0 = phase angle cot 

p = resistivity of the conductor material in C.G.S. 
units. 

<f> == phase angle between two sinusoidal currents, 
of the same frequency, in corresponding 
coil-sides of the two layers in a slot. 

(^ = zero for full-pitch windings.) 

= electrical angle between adjacent currents in 
, two neighbouring coil-sides of a layer in 
one slot, based on the pole-pitch as angle tt 
(i.e. electrical angle between two commu¬ 
tator segments). 

- 0 ) = angular velocity of the fundamental compo¬ 
nent of the current wave of maximum 
value Icj in radians per second. 

Introduction, 

. current in a conductor is varying, a 

displacement takes place so that the distribution' of 
current in the conductor is no longer uniform. The 
heat for which a non-uniform current is responsible is 
l^reater than that which accompanies the same current 
if the distebution is rendered uniform. 

The heat loss which takes place in the buried con¬ 
ductors of a winding carrying a sinusoidal alternating 
current was first investigated by A. B. Field,* whose 
results have been of great use to designers. 

The fact that a somewhat si mi lar current displacement 
takes place in the armature conductors of a direct- 

• See Bibliography, (1). 


current machine has for some time been appreciated.* 
The investigation of individual cases has, however, 
necessitated very laborious calculations. 

In this paper the author has endeavoured to present 
data from which the effective resistance of the buried 
portion of the armature winding of any normal direct- 
current machine can be predicted with an accuracy 
sufficient for engineering purposes. The method of 
presenting the data is such that results should be 
obtainable with no more labour than is associated with 
similar calculations for the alternating-current case. 

The general method of computing the total loss in a 
conductor carrying a nbn-sinusoidal alternating current 
which flows in a direct-current armature is as follows:_ 

The wave-shape of current is replaced by a Fourier 
series and the loss due to each harmonic is determined 
separately. (The above Fourier series is infinite, but 
the resultant loss series has fairly rapid convergency in 
normal cases.) The justification for the separate treat¬ 
ment of the harmonics, and the summation of the terms 
of the resultant loss series, is capable of rigid proof. 

In general it is unlikely that the heat loss due to the 
displaced current of a loaded direct-current armature 
can be predicted as closely, as that of an alternating- 
current armature. Three important causes militate 
against accurate predetermination. They are:— 

(1) Uncertainty of current wave-form, which may be 
influenced by brush contacts, interpole adjustment, 
brush position, etc. This matter, is considered in 
Section (1). 

(2) Phase difference between neighbouring currents in 

one layer of a slot. This is considered in Section (2) 
below. ^ ' 

^ (3) Doubtful accuracy of calculations for harmonics of 
high order. This arises from the phase difference 
between neighbouring currents (see the preceding cause), 
and to the uncertainty regarding tooth saturation and 
tooth eddy losses at the higher frequencies. 

It must be noted that the fundamental and the lower 
harmonics always contribute an overwhelming propor¬ 
tion of the total loss. It will be seen below that the 
uncertainties referred to above appear to exist in a 
marked degree only in the case of harmonics which are 
negligible, in their contribution to the total loss. 

Definition OF Terms applied to Windings. 

There is no standard nomenclature applied tp the 
windings of dynamo-electric machines. It is therefore 
necessary to define the terms used in this paper in 
regard to the windings of direct-current machines. 

A direct-current armature winding, as ordinarily 
arranged, is regarded as being of the two-layet type. 
The layer nearer the mouth of the slot is referred to as 
the upper layer; that near the bottom of the slot is 
referred to as the lower layer. The conductors in one 
layer in one slot are all taped together to form one 
taped-up coil; one side of a taped-up coil constitutes the 
upper layer in some slot, and the other side of the same 
taped-up coil constitutes the lower layer in some other 
slot. But one taped-up coil usually consists of several 
ex^tly similar coils, arranged side by side in the teped-up 
coil; corresponding ends of neighbouring coils are con- 

* See Bibliography, (34) to (43); also part of (Si), and (10) (Part III). 
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nected to neighbouring commutator segments. Each 
coil may have a number of turns, arranged one above 
the other; the conductors of the several turns of one coil 
constitute a coil-$id^. 

The symbol is used for the number of coil-sides 
side by side in one taped-up coil. A multi-turn coil is 
described as having s turns. The turns are always 
counted from the bottom, of a layer towards the mouth 
of a slot, and reference is made to the :pth turn. The 
value of p applied to any one conductor applies only in 
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piQ, —Examples of arrangements of windings in slots. 

the slot under consideration (thus one side of one turn 
may be the top turn in the upper layer of one slot, 
whilst the other side of the same, turn is the bottom 
turn of the lower layer of another slot). 

Examples of arrangements of windings in slots, showing 
the application of the nomenclature, are given in Fig. 1. 

(1) The Current Wave-Shape and its Harmonics, 
The simplest assumption regarding the wave-shape of 
the current in the conductors of a direct-current armature 
is a rectangular wave, in which the current has its 




maximum value for a complete half-period, the reversal 
being instantaneous. 

Another approximation is to assume zero current 
during the time interval in which the coil undergoing 
commutation is short-circuited. This is shown in 
Rg.2(a).* 

A further simple wave-form is that in which the 
current changes during the time of commutation accord¬ 
ing to a straight line (Fig. 2&) . 

♦ This wave-shape is mduded since it is the basic form from wbich^other 
wave-shapes are derived by adding a wave representing the^behawour dr^g 
commutation. Also this wave-shape is stated by W. V. Lyon [see Bihlio- 
ffranhv, (41)] to be the one on which the nominal resistance loss should be 
computed, acicording to the Standardization Rules of the American I.E.E. 


In practice the way in which the current changes 
during the period of commutation is uncertain. It is 
greatly'influenced by the design of the interpole, and is 
likely to be different for the varic)us coil-sides of a layer. 
The actual wave-form always consists of that of Fig. 2(a), 
plus a wave-form in which the current is zero except 
during an interval 2j8 in the half period. Thus the 
behaviour of the current during the period of commu¬ 
tation cannot greatly affect the amplitudes of the lower 
harmonics in any practical case. 

An investigation has been carried out on several simple 
wave-forms. These include the rectangular wave-form, 
those of Fig. 2, and forms in which the current changes 
during the period of commutation according to a half¬ 
period cosine wave, and to quarter-period sine waves 
representing accelerated and retarded commutation. In 
all waves except the rectangular one it was assumed 
that 2j8 = 12 fundamental electrical degrees (i.e. a com¬ 
mutation period occupying 1/15th of the half period). 
Excluding the rectangular wave, and that of Fig. 2(a), 
the amplitudes of the higher harmonics differ, as between 
the several wave-forms, by amounts which do not exceed 
about 1 per cent of the fundamental. 

The heating effects due to given harmonics are pro¬ 
portional to the squares of the amplitudes. It is there¬ 
fore clear that the type of commutation on which calcu¬ 
lations are based is not of much moment. At the. same 
time, the rectangular wave-form, and that of Fig. 2(a), 
are extreme cases which bear no relation to practice. 

The author therefore decided to base all calculations 
on straight-line commutation (Fig. 26). 

(2) The Phase Displacement between Neighbouring 
Currents in a Layer. 

The fact that there is a phase displacement between 
the currents in neighbouring coil-sides in a layer com¬ 
plicates the distribution of magnetic flux within the slot. 
It will now be shown that the effect of ignoring this 
complication cannot introduce a large error in any 
practical case. 

If straight-line commutation is assumed, the current 
in one coil-side varies according to Fig. 3, in which the 
angles correspond to the fundamental. Thus 2^ is the 
angular width of the commutating zone for one coil, and 
I^is the maximum value of current per conductor. 

Mathematically this current may be represented by 

4., PsinjS . a , lsin3^_._^^ , 

^ = + ^ 'J 

The current in an adjacent coil-side in the same layer is 




- 2 ^) 


where 2^ == the fundamental angle between two neigh¬ 
bouring coil-sides or commutator segments. 

If there are ria coil-sides per layer iii one slot, the 
fundamental phase angle between two limiting coil-sides 
in a layer is 2^(Wj| — 1). The corresponding angle for 
the nth harmonic is 2^(% — 1). 
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When a sinusoidal current of frequency n times that 

of the fundamental, and of amplitude (- 
, W n nB J 

traverses each.of^the n^ coil-sides of a layer,'with a phase 
displacement 2^ between two neighbouring coil-sides, the 
resultant current of the layer is 

rr \n J Xn^ siu ifsn) 

where there are s turns per coil. 


carrying sinusoidal currents which differ in phase (as in 
the case of a harmonic of the currents in a direct-current 
winding), is illustrated vectorially in Fig. 4. The figure 
shows the transverse and radial m.m.f.'s. 

One of the most important premises* in the investiga¬ 
tions first carried out by A. B. Field is not observed in 
a winding where a radial m.m.f. is able to upset the field 
normal to the sides of the slot. It is therefore necessary 
to make some attempt to assess the influence of this 
radial m.m.f. in practical cases. 



Fig. 3. —^Trapezoidal current wave-forms in adjacent coil- 
sides. 


Both the quantities within brackets decrease for in¬ 
creasing values of w. (They both decrease to zero and 
become negative, but this occurs at stages which, for 
i^e^ general practical case, are beyond the significant 
limits.) 

The ** Transverse ** and ** Radial M.M,F/s of a Layer. 

The resultant current of a layer in one slot gives a 
ma^etomotive force which is directed across the slot. 
This transverse m.m.f. tends to produce a flux which 
is normal to the sides of the slot. 

The components of the individual sinusoidal currents 
which are in time quadrature with the sinusoidal 



Fig. 4.—Individual, resultant transverse, and resultant radial 
m.m.f. s due to a harmonic of the currents in the coil- 
sides of a layer in one slot (% = 3). 

resultant, cancel one another. But these components 
have an actual existence on the two sides of the centre¬ 
line of a slot. The sum of these components on one 
side of the centre-line of a slot gives the current which 
produces the " radial" m.m.f. acting along that centre¬ 
line. (It is at once evident that, in any given slot, or 
layer in some slot, in a direct-current armature, “ radial" 
m..m.f. can only exist whilst commutation is taking place 
vdthin the^given region, for at all other instants all coil- 
sides^ within the region carry the same current. Thus 
the / ; radial m.m.f.'s due to sinusoidal components of 
the total current cancel one another except during brief 

intervals. This is further considered below.) 

The simple case of three coil-sides per layer in one slot. 


The Magnitude of the Radial M.M.F. 

It is of interest to examine a case in which the radial 
m.m.f. is unusually large. Such a case is furnished by 
a slot containing only two coil-sides per layer, when the 
fundamental phase angle between them, and the width 
of the commutating zone, are both relatively large. The 
radial m.m.f. along the centre-line of the slot in this case 
is greater than that in any other arrangement in which 
the same current per layer is divided amongst more thaT^ 
two coil-sides, with the angular slot-pitch unchanged. 
The transverse and radial m.m.f.'s are respectively 
obtained from the sum of, and half the difference be¬ 
tween, the two currents, as shown in Fig. 5. 

From this figure it is clear that the effect of ignoring 
the radial m.m.f. is not likely to be important in any 
practical case. 

But the radial m.m.f. exists precisely at the time when 
the displacement of current is very great (see Section 3). 
The above conclusion may, however, be confirmed 
analytically as follows. 

For the nth harmonic, the magnitude of the current 
giving the radial m.m.f. is, for one layer, 

4 1 sin njS r . , 

w "n ~ 3) + . . .] 

In this series the last term refers to the J(% — l)th 
coil-side if 71^ is odd, and to the ^^th coil-side if % is even. 
The summation reduces to 

i fsin (JK - sin (i(n« + l)4m 

when n^ is odd; and 

4 1 sinnjS 

TT n np 

when is even. 

In practice varies from I to 6, and for these values 
the expression within the brackets above becomes:— 




For n^j = I 0 

= 2 sin tftn 

= 3 sin 2^n 


na-4: 
na= 5 


sin }fjn 

sin 2tftn sin 30n 
sin 
sin^S^n 
sin ipn 


' These premises are reproduced in Section (3). 
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Now with increasing order of harmonic, the transverse 
m.m.f. of a layer decreases, and the radial m.m.f. acting 
along the centre-line of a slot increases. The investi¬ 
gation of a large number of cases, rangi];ig over the whole 
normal design field, has brought to light the following 
facts:— 

The series representing separate heating ratios for the 
odd harmonics from 1 upwards is extinguished (for 
practical purposes) at or before the stage at which the 
centre-line radial m.m.f. for a harmonic becomes equal 
to the transverse m.m.f. for the same harmonic. It is 


(4) The conductor material has uniform resistivity in 
spite of non-uniform heat production. (The tempera¬ 
ture gradients in copper are probably small.) 

(5) The reluctance of the magnetic.paths through.the 
iron is negligible. 

(6) The current distribution is uniform in the end- 
windings. 

Subsequent experience has shown that the discrep¬ 
ancies between test-results and results calculated on the 
above assumptions are not of engineering importance 
in alternating-current machines.* 



Fig, 5 ,—Wave-forms of radial and transverse m.m.f.*s due to one layer in one slot, with % = 2. 
18 slots per pole, 2 coil-sides per layer; 2x1/ = 5®, 2/3 « 16®. 


to be noted that this radial m.m.f. varies from zero at 
the outer boundary of the limiting conductor to a 
maximum at the centre-line of the slot; that it acts on 
a relatively long air path; and that it is only important 
for harmonics which make but a small contribution to 
the heating. The conclusion is therefore justified that 
a method which entirely ignores the efiect of the radial 
m.m.f. is yet a distinct improvement on purely empirical 
methods. 

(3) The Distribution of Current in the Armature 
Conductors. 

When the current of an armature conductor is reversed 
during the commutating period, the distribution of the 
current throughout the section of the conductor is. 
changed so that the current is driven towards the mouth 
of the slot. The end of the period of commutation finds 
the current non-uniform, and during the interval which 
elapses before the next commutation the current gradu¬ 
ally settles down towards a state of uniform distribution. 

The current distribution in conductors which are 
buried in slots formed in laminated sheet-steel structures 
was first investigated analytically by A. B. Field.* The 
following assumptions were made by Field, and by other 
writers at later dates 

(1) Rectangular conductors are buried in rectangular 
slots. (The shape of the slot mouth is immaterial.) 

(2) The fiux produced by an element of current in a 
conductor is uniform, normal to the sides of the slot, and 
is all through or above the element. 

(3) The current density along a pla.ne perpendicular 
to the sides of the slot is constant in one conductor. 

• See Bibliography, CL). 


No experimental data are available concerning the 
losses which occur due to current displacement in direct- 
current armatures, but Messrs. Lyon, Wa 3 me, and Hen- 
dersonf have made tests on a model in which current 
was reversed 120 times per second in a conductor 1 in. 
deep. The measured current distribution, and that 
computed after making the assumptions outlined above, 
were in close agreement. 



Upper 

layer 


Lower 

layer 


J-'Level 


1 

2 

3 

4 

5 

6 


Fig. 6. 


The differential equation for the current distribution 
in a conductor of height h cm, at a level x cm above the 
bottom of the conductor (see Fig. 6), is 


2)A 


47r rr® aA, , ^ .1 


Ot 


* SecBibUograpby, (2), (6), (7). (9), (16, discussion),'(19),^ (30),^^(31), (33). 

I elation is well known, and is developed^ several papers. A step- 
jr-step development is given by W. V. Lyon [see BibUography,',^(16)). 
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In this expression, p is the resistivity of the con¬ 
ductor material; A is the instantaneous current density 
at the level x; Wg is the width of the slot; Wg is the 
total width of conducting material in the layer; and % 
is the instantaneous sum of currents in all con¬ 
ductors below the one in question. C.G.S. units are used 
throughout. 

The equation assumes that the currents in the con¬ 
ductors of a layer are in phase, and that the instanta¬ 
neous value of A is the same at all points having the 
same level. 

The solution of this equation is well known for the 
case in which the current densities are sinusoidal func¬ 
tions in time. In the case of the periodic functions 
which represent the current in the conductors of a direct- 
current armature, it is necessary to obtain a Fourier 
series. This series is solved for each harmonic sepa¬ 
rately, and the results are added. The results are 
obtained in a series of fairly rapid convergency. 

‘With regard to the method of solving the above 
equation for any one harmonic, F. W. Carter* has 
treated the matter in detail, developing the method 
from first principles. The author has, however, pre¬ 
ferred to use the symbolic treatment due to W. "V". 
Lyon.f This method leads to relatively easy computa¬ 
tion, with the aid of Prof. Kennelly's ** Tables of Complex 
H57perbolic and Circular Functions.^* In its general 
application the treatment has the additional advantage 
that equivalent reactances due to current displacement 
may be investigated from the same expressions. 

In symbolic form, the current density A, at level x, 
due to a sinusoidal component of amplitude and 
frequency / (with current I^, of the same frequency, 
flowing in the slot below the conductor in ques¬ 
tion), is 


A ^ . cosh out/ ”1 

^ ~ ~ Ib siifii cut? + - — Ij, cosh ax tanh \ah | 


sinh oh 


" J 




For a clear deduction of this equation the reader is 
referred to Item (16) in the Bibliography. 

Consider the case of a normal single-turn winding with 
several conductors side by side in a layer in one slot. 
It has been shown in Section (2) that for practical pur¬ 
poses the currents in the conductors of a layer may be 
combined vectorially, and the resultant current used in 
calculations. (This procedure is equivalent to the re¬ 
placement of. the winding by one having only two con¬ 
ductors per slot, each conductor carrying the resultant 
current of the layer.) Then, for sinusoidal currents, the 


• See Bibliograplty, (40). 

l/5sses .in the Conductors of A.C. Machines 

for la| re*^ » “PP“ ™aingi the expression 


(see 


lal 


W,(2!S4-5+!t° C) J ** ** 1»I ‘^ 0-193^ f ^ J *'•' 


expressions for the current density at the top, at the 
middle, and at the bottom of a layer are:— 


(Top) 

Ah = —[Ii coth ah -1- Ii, tanh 

Wc 

(Middle) 

All. = coshec |a7i] 

* Wc 

(Bottom) 

Ao = — [Ii coshec ah — tanh |a/i] 

Wq 


In the special, though quite common, case of a full- 
pitch single-turn winding, Ii and are equal and in 
phase for the upper layer; and 1^ is zero for the lower 
layer. Thus at the six levels in the slot representing 
the top, middle, and bottom of each of the two layers 
(see Fig. 6), expressions giving the ratio between the 
actual current density and the nominal current density 
which would result from uniform distribution are:— 


Level (1):—a/i(coth ah H- tanh |a//) 

Level (2):— ah(\ coshec ^ah) 

Level (3):—a/^(coshec ah — tanh \ah) 

Level (4):—a/i(coth ah) 

Level (5):— ah[\ coshec \ah) 

Level (6):—a/i(coshec ah) 

In the above expressions a has the value corresponding 
to the harmonic under consideration. Thus for the nth 
harmonic, a is ^/n times the value of a for the funda¬ 
mental. 

If straight-line commutation is assumed, with a com¬ 
mutating zone of angular width 2j8 (as in Fig. 2b), and 
with a maximum current nJc in the layer, the nominal 
current density for the nth harmonic is, in real terms. 


4 nalc sm n^ . 

—T — 25 ^ sin noiit* 
TT wjh n^p 


Since the harmonic components of the current in the 
layer are all in phase, the six expressions giving the 
actual current density in terms of the density (%I|,)/(n»< 5 ^), 
and giving their phases relative to that of the harmonics 
of the nominal current density, are 

Level (1):—- • ah + tanh |a/t) 

T 1 4 sinnS . . 

Level (2) :■— — • nah{\ coshec \ah) 

T ' 4 sin nB , ,, 

Level (3)'—~ - 'Vnah{coshec ah — tanh |a^) 

Level (4)* ..^^noih{coth ah) 

Level (5)coshec ^ah) 

T wy»v ^ sinnS , 

Level (6)A/na^(coshec ah) 


In these expressions (and subsequently) the value of 

a is that calculated for the fundamental. 


Au w case or a wmoing Having 8 turns per coil. tlM u 

correct, since the maximum current per layer is (nM S the 
layer B wlioce h is th« height of condu^r “ ^ ^ 
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An Example of the Current Distribution. 

To illustrate the manner in which the current is dis¬ 
tributed in the slot windings of a direct-current arma¬ 
ture, an example has been completely calculated over 
one half-period of the fundamental. The case illustrated 
is that of a full-pitch winding with only one conductor 
per layer in one slot. 

The calculation has been carried out up to, and 


The total current density at the six levels, calculated 
from moment to moment over one half-period of the 
fundamental, is shown in Fig. 8, relative to the nominal 
density is noteworthy that the current 

does not appear to have settled down until an interval 
has elapsed corresponding to fully five times the period 
of commutation. 

The method of calculating the vectors in Fig. 7, and 



fl'-l 71 -^ 7Z=»21 


Direction of ^ 
zero phase 

(anti-clockwise phase rotation) 

Fig 7 —-Magnitude and phase of the current density due to the 1st, 5th, 11th, and 21st harmonics, 

at the six levels shown in Fig. 6. 

Current wave-form as in Fag. 2(6). The figures are ampUtudes of current-density components relative to the density 


including, the 21st harmonic, with a value of |ai^l equal 
to 1*6, and a commutating zone of 12° fundamen^l 
angular width. These values are fairly representative 
of modern practice. 

The diagrams shown in Fig. 7 demonstrate the values, 
at the six levels, of the current densities due to individual 
harmonics. Fig. 7(a) refers to the fundamental; 7(2)) to 
the fifth harmonic; l[c) to the eleventh; and to the* 
twenty-first. The densities are shown relative in mag¬ 
nitude to the nominal density (wj'c)/(t£)c/i) ; the vectors 
also show their phases relative to the sinusoidal com¬ 
ponents of the nbminal-current-density function, whose 
vectors would be drawn horizontally towards the right. 


the calculation of one point on each of two curves in 
Fig. 8, are shown in Appendix I. 

(4) The Method of Calcxjiation of the Heat Loss. 

An expression has been given in Section (3) for the 
current density at a level a? in a conductor, in terms of 
the conductor dimensions, the quantity a, and the cur¬ 
rents Ii and in the conductor and bblow the conductor 

respectively. • 

By expressing the loss in an element, and integrating, 
the loss in one turn of a layer, in a whole layer, or in a 
whole slot, may be determined. . 



HANNEY: HEAT LOSSES DUE TO LOAD CURRENT IN 


Level 1 


Nominal current density 


1 


Level 2 


Level 3 


Level 4 


Level 5 


Level 6 


Th. density agaiast time at different levels in the slot. 
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W. V. Lyon* has shown that heating ratios, and reac¬ 
tive power ratios in the various cases can all be expressed 
as functions of M and N where 

M == coth + jM^ 

N = 2ah tanh ^ah Nr + jNx 

In these expressions, Mx and Nx are only needed in 
calculations of reactive power. Thus in considering the 
ratio between actual heating and that which would occur 
with uniform current distribution, the functions Mr and 
Nr are needed. A table of calculated values of the 
functions Mf and Nr over a range sufficient to cover 
practical needs is given in Appendix II. 

The windings of direct-current armatures are almost 
invariably of the two-layer t 3 rpe, with one or more coil- 
sides side by side in a layer, and one or more conductors 
per coil-side (or turns per coil). Lamination of the con¬ 
ductors is not resorted to; the mechanical difficulties 
associated with such a feature in rotating two-layer 
windings appear to be too great, so that laminated 
windings are not considered here. 

If a sinusoidal current of amplitude flows in a con¬ 
ductor, and current of amplitude flows in the slot 
below this conductor with a phase angle ^ between them, 
then the ratio of the actual loss to the loss which would 
occur with uniform current distribution, is K, where 

K = Mr+(j2^+j^cos<^Nr 

Applying this to standard cases:— 

(1) A one-layer-per-slot winding, or the lower layer of 
a two-layer winding. 

K = Mr + {:p^- p)Nr 

for the pth conductor (counting from the bottom of the 
layer) and 

K = Mr + U^^-l)Nr 

for the whole layer in an 5 -turn winding. 

(2) The upper layer of a two-layer winding, with s turns 
per layer, where all conductors of both layers are of the 
same size and carry the same current, but where the 
two layers differ in phase by angle 

Z = Jf, + [p2 - + 8® + (2p - 1)« COS <f>']Nr 

for the jpth conductor; and 

K = Mr + [1(48* - 1) + 8^ cos ^y^Nr 
for the whole layer. 

(3) The average ratio for the slot containing a two- 
layer winding, the currents in the two layers differing 
in phase by angle <f>, is obtained from the cases above, 
and is 

K = Mr + [i(582 - .2), + Js® cos <f>']Nr 

These may be applied to two-layer windings, having 
one, two, or three turns, with all conductors the same 
size, whether full-pitch or chorded windings. The 
resultant values of iC are given in Table 1. 

* See BibHography, (16), for this, and for the loss-ratio expressions winch 
follow. 


Values of K 

Table 1. 

in Standard Two-Layer 
Conductors Same Size. 

Windings. All 


^ + 0 

4>=Q 


Single-Turn Windings. 


Slot 


Mr + Nf 

Upper layer 

Mr -h Ny(l + cos <p) 

Mr 4- ^Nr 

Lower layer 

Mr 

Mr 


Two-Turn Windings. 


Slot 

Mf "h Nfi^ “j“ 2 cos 

Mr + ^Nr 

Upper layer 

Mf Nr{5 4" 4 cos <f>) 

Mr + ^Nr 

Second turn 

Mr 4" 6Nj.(l 4" cos (j)) 

Mr + 

First turn.. 

Mf 4“ iVj-(4 4“ 2 cos <l>) 

Mr + fiNt 

Lower layer 

Mr-{-Nr 

Mr+Nr 

Second turn 

Mr 4- ^Nr 

Mr + iNr 

First turn.. 

Mr 

Mr 


Three-Tum Windings. 


Slot .. I 

M,4-N^(-\3.4-|cos^) 

Mr + 

Upper layer i 

Mr 4- Nr(^-i- 4- 9 cos <!>) 

Mr + W 

Third turn 

Mr 4- l5Nr{l + cos <f>) 

Mr + SOJVr 

Second turn 

Mr 4- Nr(ll 4- 9 COS <l>) 

Mr + 20J^, 

First turn.. 

Mr 4- Ny(9 4- 3 cos 

Mr + 

Lower layer 

Mr 4- f N, 

Mr^kNf 

Third turn 

Mr 4" 

Mr + ^Nr 

Second turn 

Mf 4“ 2Nr 

Mr + 22^, 

First turn.. 

Mr 

Mr 



The above expressions are in order even if the con¬ 
ductors are not of the same height in the two layers, so 
long as the current is the same in .magnitude for each 
layer. But it must be remembered that \ah\ is not the 
same for both layers, whence Mr and Nr will not be the 
same throughout the slot. 

Now the actual loss in a conductor of resistance 
B ohms, carrying a sinusoidal current of ampKtude 

amperes, is 

^KIiB watts 

If the value of K computed for the ^^th harmonic of 
the current of trapezoidal wave-shape is denoted by Kf^t 
then the loss in one layer due to this harmonic is 

- . /I sinnjSx/Sinn^x”]® 

^ nj8 /(.noSin^/J 

The expression in the bracket is the resultant wth har¬ 
monic current of one layer, if Ic is the maximum value 
of the current in one conductor (see Section 2). 

The simplest method of estimating the loss in a winding 
due to uniformly distributed current is to obtain the 
product of the resistance between brushes and the 
square of the steady direct current. This method forms 
a convenient basis for the loss ratio of the direct-current 
armature. On this basis the loss ratio in the buried 
portion of the winding is, for the nth harmonic, 

* n)S / KnaSmtfm) ” 



272 


HANNEY: HEAT LOSSES DUE TO LOAD CURRENT IN 


where is obtained from Table I, in terms of and N^. 
The value of |afe| used in finding Jlf, and (see Table 7 
in Appendix II) is times that calculated for the 
fundamental. 

The heating ratio for the buried winding is given by 
"til® y 2 . 1 ues of for the various harmonics. 
An example illustrating ttie method is given in Table 2. 
Section (5). 

(5) The Heat Loss in Single-Turn Full-Pitch 
Windings. 

If the two layers, one above the other in a slot, have 
conductors of equal height, and carry currents which 
have no phase difference between them, the relevant 
values of K are given in Table 1. For a full-pitch single¬ 


values of \ah\ from 1 to 2, and over the usual practical 
range of values of coil-sides per layer (n^j) and commu¬ 
tating bars per pole. 

An armature having 15 slots per pole and 45 commu¬ 
tator segments per pole, with a 12° commutating zone, 
has been adopted as a standard.' The heating ratios 
for this case are given in Fig. 9. 

For fixed values of slots per pole and coil-sides per 
layer (i.e. fixed values of and ^), the change in the 
heating ratio when changing from a commutating zone 
of 12° to one of 8° or 16° varies slightly with the value 
of This latter variation is so slight that mean 

values, weighted in favour of the commonest values of 
|aA|, viz. 1 *4 to 1*6, have been chosen and are given as 
coefficients in Fig. 11. 


Table 2. 


Example of Calculation of Slot-Heating Ratio for Buried Windings.^ 



(1) 

(2) 

(8) 

(4) 

(5) 

(6) 

n 

1 sinnp 
n np 

sin 

nasiatlm 

r(i)x(2)]2 

|a^l„ 

[Mr + Nr]„ 

K 

n 

8/7t2 

1 

0-998 

0-999 

0*995 

1-56 

1*6 

1-591 

3 

0-328 

0-988 

0-106 

2-7 

4-75 

0-499 

5 

0-191 

. 0-966 

0-0341 

3-49 

7-35 

0-260 

, 7 

0-1304 

0-934 

0-0148 

4-13 

9-3 

0-138 

9 

0-0963 

0-891 

0-0072 

4-69 

10-6 

0-077 

11 

0-072 

0-839 

0-0036 

5-18 

11-5 

0-042 

13 

0-0563 

0-777 

0-0019 

5-63 

12-4 

0-023 

15 

0-0426 

0-707 

0-0009 

6-05 

13-18 

0-012 

17 

0-0323 

0-629 

0-0004 

6-44 

13-9 

0-006 

19 

0-0242 

0-546 

0-00017 

6-81 

14-6 

0-003 

21 

0-0176 

0-464 

0-00006 

7-16 

15-28 

0-001 






Total 

.. 2-64 


Heating ratio for slot = = 2 • 64 X S/tt^ = 2-14 


turn winding, K is equal to (Mr -f- Nr) for the whole slot. 

To illustrate the method of calculating the heating 
ratio of the buried portion of a winding, an example is 
detailed in Table 2.* 

It is clear from Table 2 that the calculation of the 
heating ratio is laborious. Attempts have therefore 
been made to reduce the labour involved, by making a 
very large number of calculations with the object of 
plotting a standard curve, and determining coefficients 
for use in conjunction with the standard curve in non- 
standarcl cases. Since the heating ratio depends upon 
Ja^l p, and it is not possible to plot all the variables 
continuously. It was decided to investigate three 
angular widths of commutating zone, viz. 8°, 12° (stan¬ 
dard), and 16° (counting the pole-pitch 180*?). For each 
of these values calculations were made over a range of 




The change in the heating ratio Kq, made by a given 
change in the values of or i/t, is also small, and varies 
over the practical range between -f- 6 per cent and — 8 
per cent approximately. Here again the change depends 
slightly on the value of Ja^|, and mean values, weighted 
in favour of the commonest valfiCs of |aA|, have been 
chosen and are given as coefficients in Fig. 10. 

A selection of the values of which have been calcu¬ 
lated for full-pitch single-turn windings is given in 
Appendix HI. It should be noted that these values do 
not appear in Figs. 9, 10, and 11. They are given to 
afford information of the extent to which the mean values 
adopted as coefficients in FigSw 10 and 11 are in error. 

By the use of Figs. 9, 10,' and 11, it is possible to 
find iTo, for any ordinary case, within 2 per cent of the 
computed value. In the iiiore usual cases the error is 
generally much less than this. Two examples of the 
use of these curves are given below. 

. Wlnlst there is apparently no justification for highly 
accurate computations according to this nxethod, since 
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the divergence from the truth may be appreciable, it is Figs. 9, 10, and 11, it is necessary to find a ratio from 

felt that the graphs of coef&cients in Figs 10 and 11 are Fig. 9 and to multiply it by coefi&cients found from 

justifiable, on the ground that comparisons between Figs. 10 and 11. Thus for |a/i| = 1*56 the heating ratio 

alternative designs are possible. The degree of accuracy = 2*112 X 1*014 x 1 = 2*14. 



-0-18Tatl00®C. 
i- 8«42/v'(234*6 + at aJ*C. 


in comparison is probably very high relative to the 
degree of accuracy in absolute predetermination. 

ExdWiples of the Use of Figs, 9, 10, 11. 

The buried winding investigated in Tablb 2 has a loss 
ratio of 2 * 14^ To^ fe the loss ratio froni the curves in 


As a further example, suppose it is desired to investi¬ 
gate a fuU-pitch single-turn winding having 12 slots per 
pole and 60 commutator bars per pole. Suppose the 
angular width of the commutating zone is 10°, and that 
|a/^| =! 1*6. Fig. 9 gives a ratio 2*198 for ja/ij = 1*6; 
Fig. 10 gives 0-972; Fig. 11 gives, as an approximate 

18 
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Fig 




11 -^-Coefl6ci«its to cover a change of commutating zone from the standard of 12°, to 8* and 16°. 
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interpolation, 1*015. The required ratio is thus 2*198 
X 0*972 X 1*015 = 2*17. Detailed computation gives 
2*16. 

The Unequal Heating of Upper and Lower Layers in 
Single-Turn Windings. 

As shown in Section (4), the heating of the lower layer 
of a single-tum winding depends on the function M^, 
and that of the upper layer (if the winding has full-pitch) 
on the function [Mf + 2Nf). The ratios already given 
are for mean slot heating, which depends on the function 
(Mf + when all the conductors have the same size 
and carry the same current. 

In any given case the calculations may be repeated, 
using values of the new functions, to obtain heating 
ratios for the two layers separately. This has been 
carried out for the standard case (15 slots per pole, 
45 commutator bars per pole, commutating zone 1/16th 
of the pole-pitch), over the range \ah\ = 1 to ja/i] = 2, 
and a graph of the results is given in Fig. 12. 

The graph shows that heating in the upper layer may 



Ratios calculated for a full-pitch single-tum winding, with 15 slots per pole, 
3 coil-sides per layer, and a commutating zone l/15th of the pole-pitch in width. 
The ratios aider slightly with differences in windings. 


be severe, whilst that in the lower layer is never very 
much higher than that for uniform current distribution. 

(6) The Heat Loss in Two-Turn Full-Pitch 
Windings. 

The standard armature with 16 slots per pole, 45 com¬ 
mutator bars per pole, and a commutating zone of 1/15th 
of the pole-pitch, has been investigated for two-turn 
windings, over a range of \ah\ = 0 * 6 to |aA| = 1*2. The 
results are given in Fig. 13, for each turn, for each layer, 
and for the whole slot. 

The heating ratio for the top turn in the slot is high, 
and the extra heating for the whole of the buried winding 
is by no means negligible. 

It will be observed that the heating ratios tend to 
values which fall below unity as |a/il decreases. This 
depends on two causes. Firstly, a trapezoidal current 
wave is being calculated in terms of a uniformly dis¬ 


tributed current of rectangular wave-form; thus, in the 
entire absence of any current displacement, the heating 
ratio would be [l — f(2j8/w)], which is 0*9735, 0*9566, 
and 0* 9408 for 2j8 = 8®, 12®, 16® respectively. Secondly, 
the radial m.m.f. current component has been ignored; 
the heating due to this component is unknown, but in 
this treatment even the nominal loss due to it is omitted. 
The precise effect of the second cause is ascertainable in 



Heating ratios for buried windings, calculated for a full-pitch 2-tum winding, 
with 16 slots per pole, 3 coil-sides per layer, and a commutating zone l/16th of 
the pole-pitch in width. The ratios differ slightly with differences in windings. 


any given case by repeating the calculation with only 
one coil-side per layer. This latter calculation in any 
case gives the maximum value of the heating ratio, and 
the true ratio must lie between the computed one and 
the maximum. That the maximum possible error is 
never more than a small one may be inferred from a 
study of Fig. 10. 

The curve for the heating in the top turn shows a 
point of inflection, which is really a faint echo of the 
inflexion in the curve of the function Nf, since the former 
curve is a function of {Mf + l2Nr), 

(7) The Heat Loss in Three-Turn Full-Pitch 
Windings. 

The armature which has been adopted as standard has 
again been investigated for three-tum full-pitch wind¬ 
ings, over a range of \dli\ == 0*4 to \aJi\ = 0*7. The 











276 


HANNEY; HEAT LOSSES DUE TO LOAD CURRENT IN 


results are given in Fig. 14, for the top turn, for each 
layer, and for the whole slot. 

Again the heating ratio for the top turn is high, and 
the extra heating for the whole of the buried winding is 
in no practical case negligible. 

Single-, Two-, and Three-Turn Windings Compared. 

If comparisons are made between single-, two-, and 
three-turn windings, with the same total depth of con¬ 
ducting material in the slot, there is certainly less extra 
loss the more the number of turns, over the practical 



range of ja^j. The extra loss is very roughly inversely 
proportional to the number of turns.* 

(8) The Heat Loss in Chorded Windings. 

The effect of chording a winding is to reduce the 
amount of extra heating due to current displacement. 
It will be seen from the expressions given in Section (4) 
that a difference in phase between two layers in a slot 
does not affect the heating of the lower layer, but reduces 
that of the upper layer. 

Calculations have been made in the case of the standard 
armature with a single-turn winding, assuming three 
degrees of chording, viz. -J-slot, 1-slot, and l^-slot 
chording. It is hoped that the results, which are given 

♦ On tte basis of the above comparisons, it may be observed that the curves 
for mean heating in the slot tend to converge at high values of \aJh\. It can 
, be shoVife that at valu^ much above the normal practical liinit; the single-turn 
wrangement actually gives least heating. The same phenomenon can, of course, 
be shown in the case.of the altemafing-curreht machine. ^ ^ ^ ^ ^ ^ 


in Fig. 15, will afford some guide as to the effect of 
chording in the general case. The results are given in 
the form of percentage reductions of the heating ratio, 
in terms of the corresponding full-pitch winding. 


(9) Minimum Loss and Minimum Temperature-Rise 
IN Direct-Current Windings. 


Minimum Loss. 


It is well known that in the case of windings which 
carry a sinusoidal current there is in every case a value 
of |a/i| which results in the minimum loss in the buried 
portion of the winding. Thus if |a| is kept constant, 
and the height of the conductors is varied, there is a 
critical conductor height resulting in the minimum 
loss. Greater values of conductor height result in 
smaller nominal current densities, but disproportionately 
greater loss due to current displacement. The same 
phenomenon occurs in the windings of direct-current 
: armatures. 

If a direct-current armature winding is assumed to 
carry a given current, and the loss in the buried portion 
of the winding is investigated over a range of values 
of |a/i|, the minimum loss occurs when KqIK is a mini- 
; mum.* Assuming that |a| is not varied, the minimum 
loss occurs when KQl\ah\ is a minimum. In the case of 
the standard full-pitch single-turn winding (see Fig. 9) 
this occurs when |a/i| is approximately equal to 1 • 1. 

A more useful criterion, however, is the total loss. 
Assuming that the current displacement in the end 
windings is negligible, then for a ratio IJl of total length 
of winding to length of buried portion, the minimum 


total loss occurs when 




IS a mini¬ 


mum. The results given in Fig. 9 for the standard full- 
pitch single-turn winding have been used to find the 
value of \ah\ corresponding to minimum loss, for various 
values of l^jl. Fig. 16 shows the relation between the 
ratio tjl and the value of \aih\ which gives minimum 
total loss. It should be observed that in all cases the 

criticalvalue of \ah\ is not very critical; a variation 
up to, say, 10 per cent does not, in general, increase the 
loss by more than a very small amount. Thus if is 
2-5, the minimum total loss occurs at |aA| == 1-7; at 
\dh\ = 1 • 5 or 1 • 95 the total loss is only I per cent more 
than the minimum; at \dh\ = 1-2 the total loss is 8 per 
cent more than the minimum, whilst the buried loss has 
almost its minimum value. 

The data given in Figs. 12, 13, and 14 may similarly 
be used to find the condition for minimum buried loss 
or minimum total loss in the whole winding, or the 
upper layer, or the upper turn of the upper layer, in 
single-turn, two-turn, or three-tum windings. 

In general, the most usual values of |aA| for modern 
direct-current machines are greater than those which 
give minimum buried loss, particularly in the windings 
near the mouths of the slots. The usual values of |aAj 
tend to be such that the total loss is not much greater 
than the minimum. . 


* ^The actual loK ia oue slot is A), where Ao is the loss ratio 

for the slot, and Z IS; the active length. h'Ki 
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Minimum Temperature-Rise. 

Just as there is a critical height of conductor for every 
winding, there is a height which gives a minimum 
temperature-rise in the buried winding. There is, in 
general, no connection between the two, and the height 
which corresponds to minimum temperature-rise is 
difficult to determine owing to uncertainty regarding 
the heat paths. The following approximations are put 
forward for what they are worth. 

Assuming that all heat passes through the sides of a 
coil, and none through the top and the bottom and the 
ends, the temperature-rise is proportional, to the watts 


material in the slot). Whilst it is clear that an appre¬ 
ciable variation of \ah\ from the optimum value would 
not increase the temperature-rise to a marked degree, 
it is probable that an investigation based on more 
complete knowledge of the problem would result in 
theoretical optimum values corresponding to the usual 
practical values of \ah\.* 

(10) The Use of Unequal Sections in the Conductors 
OF THE Upper and Lower Layers. 

It is not practicable to use different heights of con¬ 
ductor in the two layers of multi-turn windings. In 



Fig. 15.—Effect of chording the standard single-turn winding by J, 1, and IJ slots, in 
terms of the corresponding full-pitch winding. 

Effect of chording the standard single-turn winding (15 slots per pole, 3 coil-sides per payer, ^mmutating zone 
l/16th of the pole-pitch in width). Upper layer heating reduced; lower layer not affected. 


dissipated per unit area of these surfaces, i.e. to Kq/A^. 
If, in a given design, h is varied, the minimum tem¬ 
perature-rise occurs when is a minimum. In 

the case of the standard full-pitch single-turn winding 
this occurs at a high value of \ah\ somewhat beyond the 
limit of the curve (la/i.| = 2). If an attempt is made 
to allow for other heat paths,* it is probable that end 
conduction is roughly proportional to j^Tq and so will 
have little effect on the optimum point; and the top 
and bottom paths can be approximately allowed for in 
a given normal case by adding a constant allowance. 
It is found that in this case the optimum value of \ah\ 
is slightly less than that calculated on the first assump¬ 
tion, and appears to be in the neighbourhood of |a^| = 1 • 8 
to 2 (depending on the allowance made for top and 
bottom heat paths, i.e. on the width of Conductor 


single-turn windings, however, there are two methods of 
arranging this:— 

(1) A bar of the larger section is used, and the active 
portion of the upper layer of each coil is milled to a 
smaller height. This method results in a large section 
in the end-connections. 

(2) Each coil is jointed at the end remote from the 
commutator, the two halves of the coil having different 
conductor heights. This method allows fractional-slot 
chording, but increases the heating in one half of the 
end-windings. 

Whichever method is used, the heat produced in the 
space available for conductor material within the slot is 


* An analysis of a number of modem machines with single-turn endings 
jveals that the value of l<xh| is usually in the neighbourhood of l-o to 
here are. however, a few examples bf values Up to 2. 
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reduced by using a small conductor height for the upper 
layer, and a large one for the lower layer. 

If various arrangements are tried in a fixed available 
space, it is found that the total heat produced in the 
slot is gradually reduced as the height of the lower layer 
is increased at the expense of the upper layer. This is 


j new height). All heating ratios are given to two 
figures. 

If it is assumed that, instead of a reduction in heating, 
the rating is increased so as to keep the total buried 
heating loss constant, the effect of varying the conductor 
heights is shown in Table 4. 


Table 3. 

Effect on the Heating of Variation in Height of Layers, the Total Height being kept Constant at 3-8 cm. 


Lower layer 


Depth 


1*9 
2*0 
2-1 
2 2 
2-3 
2-4 
2-5 
2-6 




•6 

•686 
•769 
•853 
•938 
•021 
2-105 
2-188 


Heating ratio 


22 

26 

3 

35 


1-41 


45 

5 

55 


Relative heating* 


22 

20 

18 

17 

16 

15 

14 

13 


Upper layer 


Depth 


\cJi\ 


6 

515 

431 

348 

263 

179 

094 


1-01 


Heating ratio Relative heating*! 


3-18 

2-88 

60 

33 

10 

89 

70 

53 


•18 

04 

91 

77 

66 

57 

49 

42 


♦ Relative heating = heating ratio x (1*9 -i- new height). 


Mean relative 
heating 


20 

12 

04 


1-97 

1-91 

1-86 


81 

77 


illustrated by the example worked out in Table 3; the 
case chosen is a full-pitch single-turn winding with two 
conductors per slot, each conductor being initially 
1 • 9 cm high, with \ah\ = 1 • 6. The heights are varied. 


B 

3 

g 

C 

S 

ho 

c 

*5) 

"o 


M 


1-2 



Losj 

m 

1 % above 
inimum 

/ 










>ss 1% above 

minimum 



Lo 

ss 8% •• 

M 

1 




• 


There is normally a considerable disparity between the 
heat produced per unit height of conductor in the two 
layers. Table 4 shows that this disparity is increased 
when the conductor space is re-divided in an attempt 
to increase the rating. It is clear that an increase in 
temperature-rise is inevitable in the upper layer, except 

Table 4. 

Effect on the Rating of Variation in Height of Layers, 
the Total Height being kept Constant at Z-% cm, and 
the Total Buried Loss being also Constant. 


Ratio; Ij/V 

lehgth 4- active leiiffthl 
Md the value of wMch gives the minimum toS 

Cdin?S F“.9r full-pitch single-turn 

keep^ tte height of both layers together at 3-8 cm- 
that IS. the mean value of |afe| remains at 1 • 6. 

^los are read from Fig. 12; the heating relative to 

obtained by muWplyir^ each heating ratio by ( 1-9 


Distance of 
division 

Lower layer 

Upper layer 

“ 

above normal 
position 

Depth 

Relative 

heating 

Depth 

Relative 

heating 

Rating 

mn) 

0 

cm 

1-9 

1-22 

f»Tn 

1-9 

3-18 

1-0 

1 

2-0 

1-24 

1-8 

316 

1-018 

2 

2-1 

1-26 

1-7, 

3-11 

1-036 

3 

2-2 

1-30 

1-6 

3-08 

1-065 

4 

2-3 

1-33 

1-6 

• 3-06 

1-07 

5 

2-4 

1-36 

1-4 

3-03 

1-085 

6 

. 2-5 

1-38 

1-3 

3-01 

1-1 

7 

2-6 

1-4 

1-2 

3-0 

1-11 


in so far as heat can flow to the cooler lower layer, or 
put to the end-connections. It is therefore essential to 
investigate the conditions in the end connections. 

The above case has been investigated in regard to the 
end connections, but details are not given here. The 

foHowmg facts emerge, assuming constant total buried 
loss:-— 

(1) The method which involves the use of bars of large 
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section, milled down in part, enables the rating to be 
increased, whilst the total loss actually decreases slightly. 
The low current densities in the end windings facilitate 
the flow of heat from the buried windings. The extra 
weight of conductor material needed for a given winding 
is relatively greater than the increased rating obtainable, 
in practical cases. 

(2) The method involving the use of end connections 
of the same section as the bars in the slots results in 
higher current densities in the windings connected to 
the upper layer. This restricts the flow of heat from 
the slots, and may, unless the end. windings are normally 
very cool, reduce or nullify the possible increase in rating. 
The total loss is increased almost to the same extent as 
the rating, i.e. the loss in the end windings is considerably 
increased. 

It would appear that, apart from the question of cost, 
the use of different conductor heights in the two layers 
and the end windings (by butt-welding of bars) is neces¬ 
sary in order to secure maximum rating and maximum 
economy of material.* 

Acknowledgment. 

The author desires to record his indebtedness to Dr. 
A. E. Clayton, Member. This paper is the outcome of 
a conversation in which Dr. Cla 3 d:on suggested the use¬ 
fulness of such an investigation; He has followed its 
progress, and has from time to time made a nuniber of 
valuable suggestions. 

BIBLIOGRAPHY. 

It is believed that the following bibliography is fairly 
complete to the end of IQSO.f All the papers, known to 
the author, which deal with the phenomenon of current 
displacement in slot-wound conductors at power fre¬ 
quencies, are included. The first and larger section 
comprises matter which is wholly or mainly concerned 
with sinusoidal current wave-forms. The second ^ection 
comprises matter which deals with the problem:of the 
direct-current machine. 

A,C, Machines, 

(1) A. B. Field : ** Eddy Currents in Large Slot-Wound 

Conductors,'" Transactions of the American I,E.E., 
1906, vol.;14, p. 761. 

(2) M. B. Field;: Idle Currents;" Journal I,E,E., 1906, 

vol. 37, p. 83. 

(3) F. Emde: " One-Sided Distribution of Alternating 

Current in Slots," Elektrotechnik und Maschinen- 
bau, 1908; vol. 26, pp. 703 and 726. 

(4) F. Rusch : " Eddy-Current. Losses in the Copper 

Conductors of A.C. Armatures," ibid., 1910, 
vol. 28, pp. 73 and 98. 

♦ It is of interest to note that wherever a reduction in the height of a con¬ 
ductor would result in a reduction of heating loss, the same result would be 
accomplished by substituting for the conductor one of the same dimensions, 
but of higher resistivity. , ^ , j. j 

t Since this paper was submitted, the following references have b^n foimd. 
The author believes that they complete the bibliography up to the end of 1931. 

F. Waldvogbl: “ Graphical Calculation of Skin Effect in Copper in Slots,” 
Association Suisse des Electriciens, 1931, Bulletin 22, p. 193 (includes 
direct-current cases). 

A. Moskwitin: “ Stroboscopic Mechanism for Oscillographs, and its Use for 

Examination of Current-Phase Displacement,” /«r Elefctro- 

ftfcAmA, 1931, vol. 26, p. 631. . . ^ , . .j. x 

W Wanger:-“C urrent Displacement in Conductors in Slots dunng Adjust¬ 
ment,” F.D.E. 1931, p. 13. 


(5) W. Rogowski: "Extra Copper Loss, and the 

Critical Height of Copper in a Slot," Archiv fur 
Elektrotechnik, 1913, vol. 2, p. 81. 

(6) L. D. Jones: " Tests on Induction Motors designed 

with Deep Rotor Slots," General Electric Review, 
1913, vol. 16, p. 229. 

(7) R. Richter: " Extra Copper Loss in A.C. 

Machines," Archiv fur Elektrotechnik, 1914, 
vol. 2, p. 518. 

(8) W. Rogowski: “ Extra Copper Loss," ibid., 1914, 

vol. 2, p. 626. 

(9) F. Hillebrand: " Extra Copper Loss in A.C. 

Machines," ibid., 1915, vol. 3, p. 111. 

(10) R. Richter: "Extra Heating: I, Influence of 

Conductivity; II, Design of Slots and Windings; 

III, Slot Windings with Laminated Conductors; 

IV, Suppression by Auxiliary Magnetic Circuits," 
ibid., 1915, vol. 3, p. 175; 1915, vol. 4, p. 1; 
1916, vol. 6, p. 1; 1917, vol. 6, p. 335. 

(11) W. Rogowski: " Lamination and A.C. Resistance," 

ibid., 1916, vol. 4, p. 279. 

(12) R. E. Gilman: " Eddy-Current Losses in Armature 

Conductors," Transactions of the American I.E.E., 
1920, vol. 39, p. 997. 

(13) H. W. Taylor: " Eddy Currents in Stator Wind¬ 

ings," Journal I.E.E., 1920, vol. 58, p. 279. 

(14) A. Press: " The Skin Effect and Flux Distribution 

of Conductors in Proximity to Iron Masses," 
Physical Review, 1920, vol. 15, p. 450. 

(15) R. Pohl: " A Simple Theory of Extra Loss in Slot 

Copper in A.C. Machines," Elekirotechnische ZeiU 
schrift, 1920, vol. 41, pp. 908 and 997. 

(16) W. V. Lyon: " Heat Losses in the Conductors of 

A.C. Machines," Transactions of the American 
I.E.E., 1921, vol. 40, p. 1361. 

(17) W. V. Lyon: " Heat Losses in Stranded Armature 

Conductors," ibid., 1922, vol. 41, p. 199. 

(18) F. Emde: "Current Displacement in Armature 

Slots," Elektrotechnik und Maschinenbau, 1922, 
vol. 40, p. 301. 

(19) H. Rikli: " Additional Copper Losses in Electrical 

Machines and Transformers," Schweizerischer 
Elektrotechniker Verein, Bulletin, 1922, vol. 13, 
p. 341. 

(20) W. Steidinger: " Current Displacement in Arma¬ 

ture Slots," Archiv fur Elektrotechnik, 1923, 
vol. 12, p. 149. 

(21) R, Mayer: " Field's Formula for the A.C. Resis¬ 

tance of Slot Conductors," ibid., 1923, vol. 12, p. 349. 

(22) a!. Press: "Skin Effect in Slot-Wound Conduc- 

; tors," Electrician, 1924, vol. 92, p. 4. 

(23) R. Mayer: " Improving the Starting Performance 

of Squirrel-Cage Induction Motors," Elektrotech- 
nische Zeitschrift, 1924, vol. 45, p. 137. 

(24) R. E. Gilman: " Eddy-Current Losses in Armature 

Conductors," Transactions of the American I.E.E., 

; 1924, vol, 43, p. 246. 

(25) L. Fleischmann : " Eddy Current Losses in Twisted 

Conductors," Journal of the American I.E.E., 
1924, vol. 43, p. 1062. 

(26) M. Liwshitz: " Squirrel-Cage Induction Motors of 

Boucherot and Deep-Slot Types," Archiv fur 
Elektrotechnik, 1925, vol. 14, p. 531. 



_ HANNEY: heat LOSSES DUE TO LOAD C URRENT IN 

<=“' "'siir*/’»o p«»» i« 

vol. 15, p. 121. ■ ' Conductors of Large Section." Elektrotechnik 

/ 9 QX T XT o ^ Maschinenhau, 1930, vol. 48 o 381 

Loss " Armature Copper (32) J. M. Lyons: “ Reduction of Eddy-Current Losses," 

1927, Transactions of the American I.E.E., 1930 vol 49 

YUl. -ID, p. lui. p 993 ^ » 

(29) W. Steidinger: "Heat Losses in Armature Con- S^^^^nfer and A. Moskwitin: “Experimental 

ductors,” ArcUv fur Elektrotechnik, 1929, vol. 22 ■ Investigation of Skin Effect,” Archiv fur Elektro- 

p. 568. * technik, 1930, vol. 24, p. 693. 

(30) W. Wanger: " Skin Effect in Armature Con- Sp®"al Slot Shapes for 

ductors,” ibid., 1929. vol. 22 p 602 High-Torque Motors,” Elektrotechnische Zeit- 

schrift, 1931, vol. 62, p. 75. 

Ti, n/r ■ Table 5. 

(see Figs. 6 and 8). ^ — 12 , FulUPitch S^ngle-Tuyn Winding 


Order of harmonic 


/54° 69' 


/61® 20' 


/46° 18' 


1-268 

VS” 21' 

0-411 

^iFr 

0-233 
\,26® 28' 

0-163 
\36'’ 30' 


2-031 
\63° 48' 


1-067 
5T 2Z'I 

0-816 
48° 66'/ 


/33° 18' 


74:° 26'I ^46° 29' 


/46° 59' 


/46° 16' 


1-237 
\21° 16' 

0-338 
\69° 30' 

0-161 
89° 4'/ 

0-080 
64° 24'/ 


/44° 66' 


0-776 
/44° 11' 

0-636 
/44° 13' 


0-613 


0-403 
/44° 26' 


/44° 33' 


\46° 6' 

0-077 
\66° O'' 

0-065 
\63° 47' 


\71° 64' 

0-029 
\79° 36' 


\86° 62' 


86 ° 11 ' 


44° 21' 


42° 41'/ 

0-408 

42°/ 

0-327 
42° 2'/ 

0-260 


42° 46'/ 


43° 17'/ 


/44° 66' 


/44° 66' 


/44° 58' 


As for 
Level 2 


0-046 
42° 41'/ 

0-027 
23° 24'/ 

0-017 
6° 62'/ ’ 

0-010 
10 ° 21 '\ 

0-006 

26°34'V 

0-004 
39° 64\ 

0-002 
63° 29'\ 


^ above angles are au < 90°, the appropriate quadmnt being indicated in 
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APPENDIX I. 


D.C. Machines. 

Portions of the above Items Nos. 2 and 10 (Part III). 

(35) L. Fleischmann : “ Current Displacement in Direct- 
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1914, vol. 2, p. 387. 

(36) L. Dreyfus: ” Extra Commutation Loss in D.C. 

Machines,” Elektrotechnik und Maschinenhau, 
1914, vol. 32, p. 281. 


The Derivation of Figs. 7 and 8 (Illustrated by 
One Point on Each of Two Curves). 

The actual current densities at the six levels in the 
slot (Fig. 6), in terms of the nominal density {naslc)l{wchs), 
and giving the phase relative to that of the har- 


Table 6. 


Calculation of Current Density [shown in Fig. 8) for the Instant 9 — 3°, for Levels 1 and 6 in Fig. 6. 
\ ali \ = 1* 5, 2j8 = 12°, Full-Pitch Single-Turn Winding. 



(37) L. Dreyfus: ” The Theory of Extra Commutation 
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(38) L. Dreyfus: ” Extra Copper Loss due to Current 
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monies of the nominal current density, are (see Sec¬ 
tion 3):— 


4 sin nB 

Level (1)~ • --^^j^V^ct/^(coth a/t -|- tanh \(ih) 


Level (2):— 


4 sinnjS ^ - - 

TT '' coshec ^ah) 

4 sin nB , ,, - 

— • ^ 2 jg v^w^(ooshec ah — tanh ^ah) 


Level (3):—— 


Level (4):— - 


4 sin9^j8 


'\/na/i-(coth ah) 


4 sin nB 

Level (5):— — • ^/nah[\ coshec \ah) 

^ sinnB . , 

Level (6)yna/j(coshec ah) 

TT n^p 


When ah is 1 * 5 /45° (for the fundamental; and thus 
1 • 5 's/n 1 45° for the nth harmonic), the numerical values 
of the several terms in the brackets are read from 
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Complex Hyperbolic and Circular 
Functions, bemg obtained in the form aid. The 

resutonts of the expressions in brackets are obtained 
m the same form, for each of the eleven harmonics 
considered. Each value is then multiplied by the appro- 

pnate value of • —^^nahj, giving the quantities 
shown in Table 5. 

To compute the current density at any level, and at 
^y iMt^t relative to the instant of zero nominal 
cuirent density, necessitates the summation of the 
densities for the various harmonics. 
Each of these latter is obtained by multiplying the 

T ® **1® angle 

(nf/ + ^j), where <f,^ is taken from Table 6, and 6 is the 
angle representing the chosen instant (see Fig 8) 

SIL! * oo of the current density for 

the mstant 6 = 3 for levels 1 and 6 (see Figs. 6 a]^ 8). 


APPENDIX II. 

Calculated Values of M^. and 

In Section (4) it is stated that .heating ratios and 
^ctive power ratios can be expressed as functions of 
Jn and a, where 

M = oA coth ah = Mt+ jM^ 

N = 2aA tanh \ah = N, + /N* 

The coth and tanh functions of so-called "semi- 
imaginaries ’’ are tabled in Kennelly’s "Tables of Com- 
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^ex Hyperbolic and Circular Functions " and from these 
M and N may be, derived in the form ajd. The real 
parts of these values are values of Jlf, and Table 7 

Table 7. 

Values of and N, {see Section 4). 


loAl 



laAI 

0 

1-000 

0-000 

1-8 

0-2 

1-000 

0-000 

2 

0-4 

1-001 

0-002 

3 

0-6 

1-003 

0-011 

4 

0-8 

1-009 

0-034 

6 

1 

1-022 

0-082 

6 

1*2 

' 1-046 

0-169 

7 

1-4 

1-086 

0-308 

8 

1-6 

1-137 

0-612 



213 

310 

040 

832 

528 

240 

960 

660 


N. 


0-790 

1-149 

3-730 

6-100 

7- 640 

8- 820 
10-010 
11-290 


r,, (to three 

places) calculated m making the present investi^tion. 

APPENDIX III. 

A Selection of the Values of Calculated for 
Full-Pitch Single-Turn Windings. 

for^Su^ilw-'^w ^‘^^® ’^®®“ calculated 

tor full-pitch smgle-tum wmdings are given in Table 8. 


Calculated Values of for Full-Pitch 


Bars per pole 
Slots per pole 

y •• 

. 

45 

22 ^ 

2 

4® 

30 

15 

2 

6® 


\all\ 

1 

1-368 

1-316 


1-2 

1-649 

1-582 

II 

00 

o 

1-4 

1-977 

1-901 

1-6 

2*4 

2-313 


1-8 

2-886 

2-785 

1 

2 

3-42 

3-302 


1 

1-303 

1-272 


1-2 

1-661 

1-621 

2^8 = 12°. 

1-4 

1-87 

1-83 

1-6 

2-283 

2-227 


1-8 

2-76 

2-698 


2 

3-274 

3-199 


1 

1-247 

1-227 


1-2 

1-489 

1-461 

2)5 = lO'- 

1-4 

1-789 

1-76 


1-6 

2-178 

2-136 


1-8 

2-633 

2-59 


> ^ 2 .. '■ 

3-139 

3-084 


Table Sj 

Stngle-Turn Windings (for Method, see table 2). 


45 

15 

3 

4° 



45 

9 

5 

4» 


8 » 


1-264 

1-614 

1- 819 

2- 214 

2- 678 

3- 184 

1-236 

1-47 

1- 769 

2- 162 

2-606 

3-107 

1-198 

1-426 

1- 708 

2 - 082 

2-626 

3-012 


1- 3 
1-662 
1-886 

2- 276 

2- 76 

3- 268 

1-256 

1-496 

1- 819 

2- 198 

2- 67 

3- 168 

1-213 

1-44 

1- 741 

2- 107 

2- 672 

3- 068 


1-226 

1-461 

1- 761 

2- 138 
2-688 

3- 083 

1-2 

1-426 

1- 71 

2- 088 

2- 634 

3- 02 

1- 176 
1 -39 
1-661 

2- 026 
2-463 
2-941 


1-247 

1-49 

1- 79 

2- 178 

2- 632 

3- 139 

1-219 

1-45 

1- 741 

2 - 12 

2- 674 

3- 07 

1-188 

1-409 

1- 687 

2- 066 
2-497 
2-98 


1-193 

1-42 

1- 7 

2- 075 
2-618 
3 

1-176 

1- 392 
1-668 

2- 036 
2-47 
2-947 

1-16 

1-36 

1-625 

1- 984 

2- 413 
2-892 
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Each value has been calculated according to the method 
demonstrated in Table 2. The calculations were carried 
out until the terms in the last column of Table 2 dwindled 
to less than 0‘001, this stage being variously reached at 
from the 13th to the 27th harmonic. 

The values of Kq obtained by using Fig. 9, and the 
mean coefficients given in Figs. 10 aiid 11, do not cor¬ 


respond to the calculated values of Kq. The divergence 
is never great, and a study of these values, in conjunction 
with results obtained from the curves, will show that 
the method of adopting mean coefficients is justifiable. 

The term bars per pole in Table 8 refers to the 
number of commutator bars or segments between 
adjacent brush arms. 


INSTITUTION NOTES. 


Nominations for Election to the Council. 

In addition to those members nominated by the 
Council (see page 143) the following have been nominated 
for ballot as Ordinary Members of Council:— 

A. P. M. Fleming, C.B.E., M.Sc, [Nominated by 

B. A. G. Churcher, A. G. Ellis, G. A. Juhlin, H. C. Lamb, 
H. Pearce, B.Sc.(Eng.), J. S. Peck, J. A. Robertson, 
Prof. S. Parker Smith, D.Sc., Prof. Miles Walker, 
D.Sc., F.R.S., and E. B. Wedmore.] 

Sir Arnold B. Gridley, K.B.E. (Nominated by 

C. O. Brettelle, Sir James Devonshire, K.B.E., H. 
Hobson, W. W. Lackie, C.B.E., J. Leggat, Colonel B. C. 
Lockhart-Jervis, D.S.O., R.E., Colonel T. H. Minshall, 

D. S.O., R. Nelson, A. M. Sillar> and Johnstone Wright.) 
J. W. Thomas, LL.B., B.Sc.Tech. (Nominated by 

E. Fawssett, J. Frith, M.Sc., P. B. Hall, T. E. Herbert, 
A. B. Mallinson, J. H. Parker, G. G. L. Preecei G. F. 
Sills, H. C. Turner, and J. N. Waite.) 

Proceedings of the Wireless Section. 

. 96th Meeting of the Wireless Section, 

24th February, 1932. 

Col. A. S. Angwin, D.S.O., M.C., B.Sc.(Eng.), Chair¬ 
man of the Section, took the chair at 6 p.m. 

The minutes of the meeting held on the 3rd February, 
1932, were taken as read and were confirmed and signed. 

A general discussion took place on the subject of “The 
Selectivity of Broadcast Receivers-' (see page 103), with 
an introductory paper (see page 102) by Prof. C. L. 
Fortescue, O.B.E., M.A. 

The meeting terminated at 8.36 p.m. with a vote of 
thanks to Prof. Fortescue for his introductory remarks, 
which was moved by the chairman and carried with 
acclamation. 

97th Meeting of the Wireless Section, 

2nd March, 1932. 

Mr. L. B. Turner, M.A., Vice-Chairman of the Section, 
took the chair at 6 p.m. 

The minutes of the meeting held on the 24th February, 
1932, were taken as read and were confirmed and signed. 
A paper by Mr. H. A. Thomas, M.Sc., Associate 


Member, entitled “ Developments in the Testing of 
Radio Receivers " (see page 114), was read and discussed. 

The meeting terminated at 7.46 p.m. with a vote of 
thanks to the author, which was moved by the chairman 
and carried with acclamation. 

Elections and Transfers of Members. 

At the Ordinary Meeting held on the 17th March, 1932, 
the following elections and transfers were efiEected:— 

Elections. 

Associate Members» 

Bingham, John Merton. Smithers, Fred Aubrey. 
Booth, Charles Frederick. Sweetlove, James Arthur, 
Clark, John, B.Sc. B.Sc.Tech. 

Foster, Joseph Edward. 

Companion, 

Haslett, Caroline Harriett (Miss), C.B.E. 
Associates, 

Armstrong, William Thos. Large, Arthur Leslie. 
Brack, Herbert Marson. MacKellar, Clifford Ed- 

Branson, James Watson. mond, Major,R.A.(T.A.). 

Hall, Harold. Young, James Alexander. 

Graduates, 

Blackwell, Alfred. Hancox, Leonard John. 

Boag, David James W. Haslewood, Francis Dering. 

Bray, Victor Henry. J ones, Philo Lawton. 

Burch, James Thomas. Lewis, Norman William J., 

Douglas, Archibald Perry, B.Sc. (Eng.). 

B.E., B.Sc. Lonsdale, Robert. 

Douglas, Thomas Armi- . Lugg, John Victor. 

tage. ' Marsh, Thomas Eric Eaton. 

Emanuel, Maurice Ranald, Perkins, Brian Lea, B.Sc. 

B.E., B.Sc. (Eng.). 

Evans, Emlyn Rees, B.Sc. Pringle, Robert William. 
Gale, William Edward Probert, Gilbert Ambrose. 

J. R. B. R^, Mian Mohammad. 

Green, Cecil. Rowe, Alan Henry R. 

Hammerton,Herbert Regi- Stott, Arnold. 

nald. Tappin, . Launcelot Pon- 

Hancock, Jeffrey. • ton, M.Sc. 
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Thomas, Evan David, Waine, Ian Leslie. 

B.Sc. Wakefield, Kevin Stuart. 

Thurston, Albert Peter, Weir, WiUiam, B.A. 

D.Sc. Whitwam, Thomas Cotton. 


SPudents: 


Ananthasayanan, Banga¬ 
lore Chelvaroya. 
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METAL-CLAD SWITCHGEAR, AUTOMATIC PROTECTION, AND REMOTE 
CONTROL, WITH PARTICULAR REFERENCE TO DEVELOPMENTS 
DURING THE LAST SEVEN YEARS. 


By H. W. Clothier, Member. 


{Paper first received 2nd November, and in final form l^th December, 1931; read before The Institution 25th February 
and Zrd March, before the Tees-side-Sub-Centre nth February, before the North-Eastern 22nd February, 

before the North-Western Centre 2Zrd February, and before the Dundee Sub-Centre 10/^ March, 1932.) 


Summary. 

This paper outlines a picture of the progress during 
the last seven years in the field it deals with, and also 
sets out the problems of to-day and the lines of possible 
future practice. The period under review has seen a change 
of national policy in Great Britain, which practically puts 
an end to isolated plants for public service, and enhances 
the scope for economy by the running of the largest plants 
with interconnections between them and all other plants and 
loads. New conditions therefore arise, demanding a recon¬ 
sideration of the problems dealt with by the author in their 
earlier form in 1925. 

The construction of the various types of metal-clad switch- 
gear is diagrammatically represented by illustrations brought 
up to date and concluding with a forecast of the full application 
of the principle of complete enclosure and immersion of all con¬ 
ductors and insulators for all voltages as the means of safe¬ 
guarding life and property, and securing continuity of supply. 

Certain basic constructional features are dealt with more 
fully. These are, in general, typical of changes, some brought 
about by research and practical experience, and others 
evolved in the quest by designers for something different 
in a period of intensified competition. An attempt is made 
to classify the prevalent forms of arcing contacts and busbar 
enclosures, and to state the effects of such details, particu¬ 
larly of the latter, on the general lay-out of the whole 
switching equipment. 

The use of metal-clad switchgear has of itself effected such 
economy in buildings that outdoor switchgear has not been 
widely used in Great Britain; but reasons are given in favour 
of outdoor construction. 

A review is given of the present position of rating, perfor¬ 
mance, and selection of circuit breakers, in order to lead up 
to a better understanding of the interpretation of these terms, 
and in view of the need for an international agreement on 
standard conditions for assessing ratings. Results of tests in a 
British 1500 000-kVA testing station are recorded as examples. 

The need for economy is accepted as a fundamental object 
for the designer, but it should be effected by the reduction of 
components rather than by lowering the quality of details. 
Some ways and means of effecting economy along these lines 
are therefore proposed. 

J The automatic isolation of faults has a particular bearing 
I on the protection of property and supply; in the latter its 
5 performance in procuring stability is considered to be of 
;; paramount importance, and in the former its speed of opera- 
<■ / tion is a criterion of equal merit. In the light of these 
principles the known protective systems are reviewed, and 
some new developments are mentioned. This study is in 
the main a history of the quest of the ideal, which, for the 
sake of economy alone, excludes the pilot cables of the earlier 
systems, and thus an opening occurs for the use of telephone 
pairs. Some original researches recorded for the avoidance 
of interference with the other uses of such telephone ’con¬ 
ductors arising from accidents on main lines. Further, the 
t resistance of hea^ arcs has been experimentally ascertained, 
^ with a view to making clear the necessity of using reactance 
^^. instead of iinpedance as the tme mean of me^uring distance 


for the accurate location and discrimination of faults in the 
distance types of protection. 

The evolution of automatic and remote-control systems is 
traced from the earlier power-station control-room to the 
present-day design of regional control from a central room, 
and the forecast for the future favours the increasing applica¬ 
tion of mechanical principles, which in the first place tends to 
avoid errors, and in the second place takes over the responsi¬ 
bility of action in an emergency. 
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(1) INTRODUCTION. 

Sheifkte 

tive systems of metal-clad enclosure, protec- 

continnif,, ^ ^ mamtenance of 

present proposed now to review the 

—1902 1910 loix^T a continuous series* 

the de;e onLif^^^.^^^' particular reference to 

Switchgear Construction. 

Automatic Isolation of Faults, 

■ Remote and Automatic Control. 

(2) SWITCHGEAR CONSTRUCTION. 

(«) General. 

Act^fby tie Electricity 
Act Of 1926, has given an impetus to initiative in d^ 


Current 

transfomer. 



Circuit-breaker 

Selector and 

mam conductors. isolating switches. 


Voltage Fuse, 
transformers. 


Cable dividing 
box. 


Plug isolating contact. 


Fig. 1, Symbols for component parts of diagrams. 

sign. New service conditions have brought about the 
evolution of umts of larger capacity to work at higher 
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Fig. 2.^Type 1«. 


m ^ advicing in America,- and has obtained a 
foothold on the Continent. 

The need for the avoidance of . all chance of the 
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Fig. 3.—Type l&. 



Fig. 4.—Type Ic. 



Fig. 5._Type i(i. 


See jMt of references on page 317 . demand for high quality in constructional detaik/ ^ 
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Fig. 8.—Type 2b. I Fig. 11.— Type 2« (Ferguson, Pailin Ltd.). 
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economySl-^lnrmi^ ? , ^ P^^<=y of 

in the iniWoT “ preference to cheeseparing 

(«) Classification, 

giTO ? variety of arrangements, and 

give a comparative view of the disposition of the main 



A and B.—Alternative floor-levels. 

®^®“* transfoniers, isolatiSrid 
selector devices, and cable sealing boxes. ThTZ^^I 

types of metal-clad switchgear may be divided into threi 




(1) Hoiizontsl draw-out. 

^®3^cal drop-down. 

(3) Internal switch and/or internal plug. 

by th. 


latmg devices, and the removable portion need only be 
moved for mspection or maintenance. 

These three classes are capable of subdivision into 

selection, as 

(а) Change-over plugs. 

(б) Circuit-breaker transference. 

(c) Change-over switch. 

(d) Duplicate circuit-breaker. 

I (e) Double-contact circuit-breaker. 

(Hi) Innovations. 

The line diagrams are intended to outline all the 
v^eties of metal-clad switchgear in an elementary way 

the three 

classes, and it may be useful to point out some of the 
mnovations. ® 

The proposal to use the upward vertical movement of 



a central fi^g for isolating is not new. Its origin was 

bLarion “hts in com: 

S the<iraw-out characteristics of both 

toe h^on^ and toe vertical metal-clad forms. The 
ircmt breaker itself may rest on the ground and be 
h^d^+h horizontally for inflection. On toe other 
tio^is^krtS hisulators are vertical, and isola- 
S otff downward movement within the 

carrying toe entire circuit-breaker 
ot^^ and contacts. It has, therefore, toe advantage 
is noSrinr^dT"^*^ drop-down switchgear that there 

^ heavy weight for isolating- 

oSe^iTf d ^ be hinges 

fS for inspection of oil and contacts. 

Fig. 44 also shows a variety of this meaiK of isolating, in 

The auttior. t(Switchgear and 
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which the isolating contacts automatically open with the 
opening of the main contacts. 

Fig. 10 shows a drop-down development (Type %d) that 
has been used in British and American practice for large 
installations. In Great Britain also the same type has 
been installed for 66 000-volt service (Fig. 17). It will be 



referred to again in Section (2)(x), which deals with dis¬ 
position of busbars and phase separation. 

Fig. 18 shows an alternative method in which the 
circuit is changed over to a transfer busbar in order to 
avoid the use of a duplicate circuit-breaker for each unit. 

The connection to the transfer busbar is ejected by 

means of a switch in an oil tank, which also encloses the 
earthing contacts. This method has been used* in 



B!~CenSraJ fitting) movabFedovmwar^ with circuit breaker open. 

switchgear designed and laid down in the factory in 
1927-28 for 37 000 volts, and with a breaking capacity 
of 1 000 000 kVA. The actual processes of isolating 
and transporting the circuit breakers are facilitated by 
the use of m6tor-opera.ted portable trucks. 

Fig. 19 illustrates the principle as applied to the 

♦ Allis-Chalmer^Reyrolle. 


smaller horizontal-draw-out classes of switchgear. An 
alternative (Fig. 20), which has been applied for Scandi¬ 
navian practice, occupies less floor space and indicates 
another way of earthing the feeder. 



Fig. 17. 


Figs. 14 and 21 [Type Z[a and c)] show a further 
development* of Fig. 12 for 66 000-volt designs, opening 
the way to the metal-clad enclosure of even heavier 
switchgear. 



Fig. 18. — ^Type 2c Special (transfer busbar). 


{iv) Oil-tight Joints. 

Figs. 19 and 20 show an example of a change in a 
detail of construction. The creepage of oil through the 
smallest conceivable opening mMe it formerly a maxim 
of good practice to avoid joints under oil. For instance, 
• The author, Allan, and Christie. 
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in the ordinary tank-type circuit breaker the conductors 
passed into the oil from the top. Modem requirements 
produce situations in an assembly where conductors and 






Fig. 19. 

—^Transfer busbar, 

iMulators must pass through the sides or bottoms of oil- 
filled enclosures. Cements fail owing to constant 
changes in the relative dimensions of conducting a^d 


r \' A 




Fig. 20. 

A.—Transfer busbar. 


reasons the mechanical joint has of recent years found a 
more present place as an essential detail for securing 
high quahty. Fig. 19 shows the oil-immersed transfer- 
conductors passing through the top. whereas 
Fig. 20 lUustrates the corresponding conductors passing 
through tte bottom. The mechanical method of 
secunng the oil. and the joint between a porcelain 



****earSJj^ana switches for isolating, 

vertical removll 

ins^ator on the one hand, and the conductor and the 
^tal en^closure on the other, are shown in Fig. 22 
insulators are used, it is equally necessary 
SorS* appropriate means againS 



^Mating maten^ caused by the differences between 
tte e^ansion and contraction of the several maSs 
with temperature variations. Moreover, most cemSts 
^ apt to deteriorate either from contkct ^tTS^i 
from being subjected to high temperature. For theS 


Fig. 22. 

C. —^Alternative joint. 

D. —Packing. 

(») Transformer Accessibility. 

Comiwund-fiUed transformer chambers are the most 
TOonormcal and durable, but when they are used the 
traMfoimers are not readily accessible or easily removable 
to_ae test house for meter-testing. Chambers filled 
with oil or hquid compound are the alternative, and have 
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come into wider use. They have large doors, and thus 
allow access to the terminals and the entire removal of 
the transformers. 

Fig. 23 shows diagrammatically a method devised in 
Germany. The current-transformer chamber is plugged- 
in between the circuit breaker and the fixed portion, and 
the same carriage carries the voltage transformer. 

{vi) Horizontal or Vertical. 

There has been some controversy on the relative merits 
of the original horizontal draw-out and the later vertical 
drop-down, the outcome being that both types have 
progressed in size and demand; and each has had its 
representatives among the new makes evolved during 
the period under review. 

The main claims for the horizontal t 3 ^e are that the 
removable portion, rolling on a level plane, requires a 
comparatively small manual effort to isolate it. On 
mechanical principles, the construction is simple and the 
disposition of the parts makes the interlocking of the 
circuit-breaker position with the racking-out components 



very easy. The problems of alignment and co-operation 
between the moving and the fixed portions are greatly 
simplified by the use of a true horizontal plane of relation. 
In contrast with this, the vertical movement involves 
' lowering and raising the heavy removable portion, an 
? operation that for small sizes means much manual effort, 

• and for medium and large sizes necessitates a motor and 
' much incidental gearing, as well as additional means of 
i vertical and horizontal location by guides with such 
^ mechanical clearances in all directions as will avoid 
jamming and ensure true engagement between the fixed 
and moving contacts and their surrounding parts. On 
the other hand, the vertical type does economize in 
floor width, chiefly because less gang^way is required for 
manipulation. 

/ For outdoor use, the roof formed by the busbar 
/chamber when placed above the circuit breakers serves 
I to protect the orifices from the weather, and the vertical 
i orifice not only makes for better clearance of dirt an^ 
drainage of moisture from the surface of the insulators, 
but also lends itself to oil-filling, which is advantageous 
for very higlx voltages. 


For indoor use, however, the additional height of the 
one type must be set against the additional floor width 
of the other when calculating building costs; and, 
taking everything into account, on the basis of the usual 
British practice of using single circuit-breakers in pre¬ 
ference to duplicate circuit-breakers, and particularly on 
the score of easy design and accessibility and general 
convenience in operation, the author's conclusion is in 
favour of the horizontal type, up to the point at which 
oil-filling of orifices becomes necessary on account of 
voltage. Figs. 24a and 24b show a comparison of 
examples of the two t 3 q>es used in practice on the basis 
of plans prepared in the same drawing-office. 

{vii) Arcing-Contact Classification. 

Known forms of arcing contacts may be classified, as 
distinct from circuit-breaker classification, as follows: 

(a) Plain; (b) Boxed; (c) Blast. 

{a) Plain Contacts. —^With contacts of this class, the 
arc is controlled by the general body of oil in the tank, 
and is subject to deflexion only by magnetic induction 
from neighbouring current-paths. This class includes 
all types of arcing contacts that have been in practical , 
service from the beginning, such as sliding, butt, and 
roller contacts. 

With the object of keeping the amount of vaporized 
metal comparatively small, metals vaporizing at high 
temperatures have been tried as arcing contacts. Pro¬ 
vided suitable means are available for the avoidance of 
welding, it has been found that the use of steel in this 
way has the obvious advantage of tending to increase the 
contact grip by magnetic attraction, thus reducing 
chattering and arcing when closing on short-circuits. A 
solenoid-grip contact has been used abroad for the same 
purpose. In another design, where greater speed of 
separation was the object, acceleration of the break has 
been obtained by flicker " contacts in oil, thus reverting 
to the principle of the early Ferranti design of high- 
voltage air-break and oil-break switches. The idea of 
using separate arcing contacts for making circuit, at 
closer centres than those for breaking, has been tried 
for the purpose of reducing the electromagnetic forces 
when closing the circuit. These ‘ ‘ making'' contacts have 
been so arranged, by dash-pot and spring action, that 
they separate first when opening the circuit. In order 
to reduce the pneumatic forces tending to push off the 
circuit breaker, arising from sudden evolution of high- 
pressure gas between the contact surfaces, several 
methods have been tried, including the use of small- 
diameter, spring-loaded, butt-type arcing contacts of 
tabular form. 

(d) Boxed Contacts. —In a boxed contact, the arc is | 
cloaked by an insulated enclosure, which restricts for a (: 
while the expansion of the gas formed by the arc, the ^ 
outlets controlling the direction of the arc and the gas ’ 
forces. For example, in the explosion-pot device the 
gas pressure is confined at the beginning of the stroke. 
PMculties have been experienced in making the pots 
capable of withstanding the high electric and mechanical 
stresses to which the interiors are subjected when 
circuit breakers are closed or opened under heavy-current 
conditions. The old practice of using an insulating lining 
in a steel container has been largely abandoned in favour 
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of a chamber constructed entirely of very strong bakelite 
insulating material. 

In America, the “de-ion*’ device of the air-break 
t37pe has been developed, in which the arc is split up 
into a large number of short lengths, reacting to a 
series of magnetic fields; but relevant discussions 
there* acknowledge that progress must spring from the 


crevice and is thus swept through gas escaping from the 
crevice in the opposite direction. 

Contemporary research in Great Britain has set before 
itself the similar basic aim of achieving peaceful arc- 
rupturing in oil. 

{c) Blast Contacts .—^All contacts have some form of 
blasfset fip around them when operating on short-circuit/ 




A w... : , . Vertical Withdrawal. 

M—Voltage teansfonner. ^}*“-Iruck oa transfer cross-raiJs 

L.—Cubic space. 


aad oa-inuneLon J a 

contact has been ev^ved If 

between single electrodes ’withinf veStaf 

horizontal lamSLto* 

‘ to Arc Ruptee." 


cussion the blast isTcc^tualTh 

path tosome additional pressure ar«fi!fnf 

for example, by a flow of oil or other insniat-™^”*^ 

In one form, which has hf*f*n r , 

path of »h, 

piston incorporated in the mechani< 5 in ^r ^ 

- P...US. 







293 


AUTOMATIC PROTECTION, AND REMOTE CONTROL. 

is guided into a tube by an artificial blast of air or inert 
gas. The principle has been very fully explored experi¬ 
mentally by the British Electrical Research Association, 
and in the meantime a type of somewhat similar con¬ 
struction has been put into practice in Germany. The 
so-called expansion switch, which has followed it 
there, may be considered as belonging to this class. In 



the other. It is exemplified in the American oil-blast 
circuit breaker, in which there are two butt-contacts in 
series, one of which forms an arc before the other. The 
first arc creates a pressure, which forces oil and gas across 
the path of the second arc.* This seems to be a natural 
outcome of experience of the sudden expansion of 
materials in contact with the arc; but although it was 



Fig. 24b.— Comparison of equivalent vertical and horizontal switchgear (1000 000 kVA)-(see also Fig; 24 a). 


A. 

D. 

E. 

F. 

G. 


Horizontal Withdrawal. 

(End-elevation with one frame-standard removed.) 


-RacWng-in-and-out gear operated from handle B, 
-Voltage transformer. 

-Current-transformer chamber. 

-Circuit-breaker closing-solenoid. 

-Truck on longitudinal rails H. 


j.—^Bogie for tank transport. 

K. —^Floor area. 

L. —Cubic space. 

M _Motor operating busbar selector switches. 


it the arc creates steam or other vapour, which is allowed 
to eicpand in a secondary chamber through which the 
arc has to pass. This type may be regarded as a lineal 
descendant of the water-break devices of 36 years ago;* 
and it is also reminiscent of the liquid resistances once 
thought necessary for charging cables. 

In another type of this class, two arcs are formed in a 
box or chamber, one gen^ating a blast which acts upon 

♦ L. Andrews:/ oMrnaf 1898, vol. 27, p. 487. 


known several years agof it has only recently become 
available in practice. 

Whatever may be the merits of the three classes, the 
ideal, unobtainable so far, would appear to be an arcing 
contact in such a simple form that it would eliminate 
all parts apt to be distorted under mechanical stress, 


♦ R. M. Spurck and H. F. Strang: “ Circuit-Breaker Field Tests on Standard 
ad Oil-Blast Explosion-Chamber Oil Circuit-Breakers,” Paper read at the 
,merican I.E.E. Winter Convention, January 1931.^ 
t Hilliard: U.S. Patent No. 1648799—1925, filed 10th August 1921. 
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would have a contact-grip capable of mastering the 

' rte Sd u the current 

' riestab£hLenr'/t>,®^°“^'^ instantiy release, and the 
! ht^r^i ^ be prevented either 

' withdrawal of the contact or by 

some other adequate means. The form that lends itseU 
btet to complete enclosure of the whole circuit breaker 

hh^i + ^ ^ ^ ^ critical moment, is the one most 

“L lS"S‘t «* *“tt rad practical 

(viii) Electrostatic Stress Distribution. 

Corona discharge in orifice insulators, and at the bw 
of pm-and-plug insulators, may not be detected durinv 
preliminary testing or from observationruSeVnor^! 
workmg conditions; but occurrences aLinJZui 
Soved operating at 33 000 volts and over have 

VI,? uniform electrostatic stress 

along the whole surface of each insulator. iScelaS L 
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introduces an exception to the principle of com^ 
immersion: and. in .units nt complete 



as now reqi fo?T' J ® insulator, therefore, 

(»;r) Oil-Filled Isolating-Orifices. 

since it is a Sale ^ design, 

between the fixed and amount of the contact 

are geneiallvTn^t nH ''^“"J^ble portion, the fittings 
been none too good the clearances have 

during the Wthiawalo^r*^’^^^ reduction 

p»«» i. 



c 

D 



. Fig. 27.:^ 

been known to put their hands in 
live parts. 


and make contact with 
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Attempts were made as long ago as 1911 to obtain an 
oil-immersed isolating chamber, and in a measure it 
was secured in the way illustrated in the author’s 1925 
paper* (see also Fig. 15, Type 3c, of the present paper). 
In the detail of this design the orifice is contained in the 
top-plate of an oil-immersed isolating-switch. 

Another applicationf of this principle combined 




Fig. 28. 


Classes (2) and (3), as shown in Fig. 25. The orifice is 
oil-filled, and has to be emptied before the circuit breaker 
is withdrawn; but withdrawal is not essential to isolation, 
and cannot be effected until the conductors in the orifice 
chamber are isolated on the busbar and feeder sides, and 
in addition are earthed. By this means the orifice can 
never be alive when exposed to the air. , 

A further step in design, Type 3{a and c), is shown 
diagrammatically in Fig. 14 already referred to, and in 
more detail in Fig. 26. After the separation of the 



central plug contacts, the circuit breaker may be 
detached from the fixed portion, or, alternatively, it may 
be examined with safety in its normal position after the 
oil has been drained from the tank and the manhole 
covers have been removed. The new development 
includes the earlier principle of oil-immersed isolation and 
orifice insulation, and so provides complete oil-immersion 
of all insulators and fixed conductors, and ensures their 
inaccessibility when not earthed. Further, since it is 
compatible with the design requirements of very large 
apparatus, it makes the construction of self-contained 
switchgear units for the highest voltages practical for the 
first time. 



{x) Disposition of Busbars and Phase Separation. 

The enclosure of busbars in metal-clad switchgear is a 
feature bound up with general design, and is an important 
controlling factor in construction. The earlier methods 
of enclosing each set of 3-phase busbars, extensively used 
in actual service, are:— 

{a) Three-phase enclosure .—^A single metal chamber, 
with only insulation between phases: compound-filled 
(Fig. 27). 

(5) Metallic phase-separation.—K single metal chamber, 
with metal divisions between phases: compound-filled 
(Fig. 28). 
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The later methods are:— 

(c) Singh-phase enclosure.—k group of thr^ adjacent 
tubular chambers, one chamber for each phase, with the 
circurt breakers arranged in 3-phase groups, aU in one 
line m the same direction as the busbars: compound- 
filled or oil-filled (Fig. 29). 

(«f) Complete spatial phase-sepamiion.—ktah\ila.rcha.Ta.- 

ber for each phase, with the circuit breakers arranged in 


capacities up to 1 500 000 kVA and 33 000 volts. The 
associated circuit breakers have a separate tank for 
ph^e, and there is thus complete phase-separation by 
earthed metal in every part of the switchgear units ^ 
enclosure on a large scale with tubular 
oil-filled busbar chambers [Method (c)] was first applied 
on a tnal unit in the form referred to above (Fig. 251 • 
but the practical progress of this system is best known 




^ee single-phase rows, each row in a separate line in 

(Meth(^*^*^is compound enclosure 

33 000^ob« , 750 000 kVA and 

or nartiaii * ’ Circuit-breaker phases are wholly 

m£i i-®- capacities, 3-phase busbars with 

metai dn^ions between phases [Method (d)] have been 

adopted in tK largest: p 'stations^ ^ b^LS^ 


to America ° T?: Power-station* installation 

on t^ bw equipment of this was planned 

on the b^is of buUdmg-up a casing on site from a number 

Srel^p"?^ conductors were 

threaded, but owing to the high cost of “field “ woS 

Sod^T^ < t equipments have been 

^ factory-group” construction; that is to 
say, the bulk of the detail assembly is done in the factory. 

State Line Station,” 
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the dimensions of individual groups being limited only by 
transport facilities. In Great Britain, the factory-group 
system, which was applied to large switchgear in 1918, is 
now being used for switchgear up to 66 000 volts. 

Complete phase-separation for the purpose of ensuring 
freedom from short-circuits between phases has long had 
practical application in America for open-type switch- 
gear, as exemplified in those stations in which the phases 
are actually contained in separate horizontal or vertical 
sections of buildings; but in metal-clad switchgear Of 
moderate dimensions earthed metal between phases is 
an equally effective barrier against the spread of faults. 
Economy in space is secured by it, and since with modern 
insulation busbar faults are a remote risk, and with metal 
barriers between phases can only be single-phase faults to 
earth, which are limited in intensity by neutral-earthing 
resistors, there seems to be no good reason for greater 
separation. The case is different in designs for very high 
voltages, and in exceptionally large constructions. 



because it is desirable to avoid crossing busbars over 
trunk connections and the like, which is apt to lead to 
tortuous detaUs. The requisite neatness is secured by 
spatial separation, in which a straight, clear gangway is 
provided between phases; and Method (d) therefore 
emerges in the course of the elimination of the com¬ 
plicated. 

[xi) Busbars and Building Lay-out. 

Where comparatively weak circuit-breaker enclosures 
are prevalent, there is much concern about the risk of 
oil fires and explosions. This has revived the search for 
oil-less equipment, but in general British practice the 
saving in space by using oil or compound as an insulating 
medium, and the general acceptance of metal-clad con¬ 
struction, have secured the retention of oil-immersed 
circuit breakers characterized by strong enclosures. The 
occurrence of a few fires, however, has forewarned 
designers of the possibility that flaming oil or explosive 
gas may be liberated because of some flaw in construction 
or operation, such as sustained arcing inside a circuit 
breaker caused by a failure of insulation. To avoid 
spreading the damage to adjacent panels, the external 
enclosure has been made completely fireproof down to 


that of the smallest secondary connection. It is also 
preferable that the lay-out of the building should provide 
for the ready drainage of stray oil. iVs one form of 
additional safeguard, the whole equipment has been 
subdivided into groups of panels, each group contained 
in a separate switch room, with oil-immersed isolating 
switches, also in separate rooms, between adjacent 
groups. Each subsidiary distributing point takes its 
supply from panels in more than one room, the aim 
being to lay out the whole of the distribution from the 
power station in such a way that the complete putting 
out of action of any room by fire or by hostile attack 
would not prejudice the supply to any part of the net¬ 
work. The building division in a large power station 
lay-out is shown diagrammatically in Fig. 31, from 
which it will be seen that each busbar section extends 



A. Busbar. 

B. —First make. 

C. —First break in oil. 

D. —Operating screws. 

E. -—Cable to circuit breaker. 

through three distinct rooms. In practice, the building 
takes the form of an H, with the busbar junctions and 
room-isolating switches situated in the cross-junction. 

\xii) Outdoor Switchgear. 

Until recently, large outdoor equipments have not been 
encouraged by British operating engineers, owing probably 
to fear of having to do maintenance work in inclement 
weather. Another justification has lain in the fact that 
indoor metal-clad construction of itself effects ample 
economy by its large reduction of building costs. In the 
author^s opinion there is much to be said for installing 
large switchgear out of doors; it has had to be done, 
because of size, for the 132 000-volt British grid. It is 
to be expected that the high standard of design now 
attainable in the metal-clad type with proper care will 
keep the necessary maintenance work within reasonable 
limit s. The chief gains with this type lie in saving the 
cost of erecting and maintaining buildings, and in the 
protection of conductors and insulators from the effects 
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of exposure to dirt, water, and lightning. With open- 
type switchgear, the space factor has become of increasing 
importance because of the necessity of avoiding accidental 
contact^with live conductors in one section by an operator 
working on an earthed section or walking near live con¬ 
ductors while carrying metal. The complete covering 
of all conductors obviates the compulsory provision of 
large clearance distances. In addition, the splitting-up 
of the sections of switchgear into fireproof compartments 
is avoided, and so the whole of the equipment can be 
seen at a glance. Moreover, remote as the likelihood of 



A. —^Busbar. 

B. —Reserve busbar. 

C. --Circuit breaker. 

D. —Central conductor in service position. ^ , 

E. —^Central conductor in isolated and earthed position. 

F. -_-Isolators and earthing switches. 

G. -—Earthing contacts. . . , 

H. —Portable lifting gear for removal of circuit breaker, 

J. —Disjunction flanges. 

K. —^Manhole. 

an explosion may be, if one does occur there is less risk 
to men who may be working on the switchgear, since they 
can make their escape more easily. With metal-clad 
switchgear, whether indoors or out of doors, the primary 
effects of a fault are local, and the remainder of the 
switchgear is unaffected. The secondary effects in a 
building, however, such as smoke and gas, may hinder 
the speedy restoration of supply; but this would not be 
so out of doors. Metal and compound or oil are better 
for the defeiice and preservation of conductors and insu¬ 
lation than brick walls and roofs. It is conamon practice 
to put large transformers outside, and the case for 
similar treatment of well-protected switchgear is equally 
strong. 


As a half-way measure, switchgear of the smaller 
sizes is housed in metal kiosks or close-fitting weather¬ 
proof protection. A unit, partly housed on these lines 
and partly outdoor, has been proposed* as indicated in 
Fig. 32. 

(xiii) 132 000-VoU Metal-Clad Switchgear, 

A recent American application of metal-clad principles 
to 132 000-volt service in the United States includes the 
use of ordinary circuit breakers having enclosed terminals 
connected up with metal-covered cables to cable busbars 
through isolating devices of the type shown in Fig. 33. 

It is opportune here to discuss a possible alternative 
to the existing t 3 q>es of British grid lay-out. Cables are 
already included in populous districts, where overhead 
lines are ruled out on account of first cost and danger. 
The maintenance cost of overhead lines is an item not 
to be overlooked. It has already been shown (Fig. 30) 
how metal-clad connections can be marshalled in the 
substations, and since these are generally situated in 
industrial or residential districts it is logical to suppose 
that at some future time the requirements of safety 
will call for the covering of all conductors in the neigh¬ 
bourhood of the substation. In such districts, also, land 
is generally increasing in value. 

Fig. 34 illustrates, in plan view and in small-scale eleva¬ 
tion, a comparison between the open-type/'low” and 
" high ” substations and the possible metal-clad arrange¬ 
ment. The last-named occupies about 20 per cent of 
the ground area of the " low ” structure, and about 
45 per cent of that of the " high structure. The 
reduction of head-room in the substations would avoid 
any objections on esthetic grounds to obtrusive overhead 

structures. , 

Fig. 35 indicates the prospective further progress of 
Type 3(a and c) (Fig. 14) on a large scale. The frame¬ 
work and the tank and circuit-breaker lowering mechan¬ 
ism, usually convenient up to 66 000 volts, are too 
bulky and heavy for higher voltages. The proposal 
therefore is to give access through manhole doors for 
normal inspection after isolating and earthing all con¬ 
ductors, and to provide for complete removal of the 
circuit-breaker portion with the aid of portable bogies 
only. The drawing shows a cross-section in the plane 
at right angles to the line of busbars in order to illustrate 
the operation of changing over from one busbar to the 
other. The ground space occupied by the complete 
unit panel is very little more than is required for the 
now familiar grid circuit-breakers, and the necessity for 
large clearances is avoided by the immersion of all 
conductors and insulators in oil. The general lay-out 
has already been referred to (Fig. 30). 

{xiv) Voltage Measurement. 

Progress has been made in the development of con¬ 
denser couplers (Figs. 36 and 55) with the object of 
substituting them for the usual voltage transformers in 
very-high-voltage circuits. The high-voltage windings 
of the transformers have always been a possible source, 
of weakness, necessitating high-voltage isolating devices 
and fuses. Condenser couplers eliminate fuses because 
they have no high-voltage primary windings; and in 

* Allis-CJi?Jmer3 ManTifactuiing Co. 
















(xv) Busbars, 

to ascertain the best construction of busbars and to 


with ttermo-couples in contact with the copper in 

^ ’I >“* “ >or 

sere to speedy busbar sections, or current densities 
or both, but in metal-clad switchgear it is the ultimate 
tem^rature alone that matters,^^d i 
maximum densities may vary considerably^with the 



Fig. 36. 

D.^Earthi4 cSit. * F--Secoadary terminal-box. 


^ Inset (diagram of connections):_ 
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been said, rather than the temperature-rise, that matters 
most. Hence it is necessary to determine the maximum 
permissible temperatures for all the materials used. 
Insulating materials are the most vulnerable, and 80® C. 
is a reasonable limit for procurable qualities of those 
in common use in switchgear to-day; the permissible 
temperature-rise is therefore the difference between 
80® C. and the ambient temperature. Although it has 
been the standard practice to permit a rise of 30 deg. C. 
for currents up to 2 000 amperes, and of 40 deg. C. for 
currents above this value, there appears to be no longer 
any reason for this distinction. It is true that it is more 
dif&cult to keep the temperature down in metal-clad 
switchgear at the heavier currents, but, since it is 
mainly a question of durability of insulation, the require¬ 
ments should be the same for low-current ratings as 
for high-current ratings. The curve shows that ratings 
of 2 500 amperes and over necessitate abnormal sections 
of copper, or special arrangements of busbars, in order 
to keep the temperature within safe limits. This, 
together with the abnormal stresses set up when short- 
circuit currents are carried or broken, determines a 



CURRENT RATING (AMF»ERES) 

Fig. 37, 

practical limit for the current rating of main power- 
station panels. 

This limitation of current raises the question of the 
suitable working voltage for the switchgear of a generat¬ 
ing station of any given size, particularly in view of the 
present tendency towards a need for greater breaking 
capacities. Obviously, since for a given breaking 
capacity the current is inversely proportional to the 
voltage, a voltage chosen too low for conditions involv¬ 
ing some definite breaking capacity must lead to very 
difficult problems arising out of too high current values. 
Hence, speaking generally, there is a best (or at least an 
advisable minimum) voltage for any given breaking 
capacity. It is difficult to establish a rule for a problem 
into which so many variables enter; but a very rough 
approximation might be that for a 3-phase circuit 
breaker, within the range of present standard ratings, 
I namely up to 1600 000 kVA, the numerical value of 
I the minimum working voltage of switchgear should be, 
I say, something of the general order of the l/126th part 
I of the numerical value of its breaking capacity in kVA. 

{xvi) Switching Capacity. 

‘' Switching capacity is the term used here to 
[ describe the operating ability of a circuit breaker as a 


protective device for making and breaking current. In 
practice as it stands to-day, there is need to clarify the 
idea associated with the terms “ rating,'' “ performance," 
and “ selection," when used in relation to making and 
breaking under short-circuit conditions. 

Ratings have been established in B.S.S. No. 116-1929, 
Clause 46 of which specifies that the standard kVA 
ratings of Table III shall be based on a schedule of 
currents given in Table IV and on the line voltages 
given in Table I. In the standard conditions for deter¬ 
mining making capacity and breaking capacity, whereas 
a power factor of 0*1 lagging and the duty-cycle are 
included, recovery voltage is not prescribed. Recovery 
voltage is also a condition of severity, and therefore the 
present specification of standard conditions, under which 
the rating is assigned, is incomplete. 

Previously manufacturers had established certain 
dimensions of circuit-breaker enclosures based upon the 
experience of practical service. These were checked from 
time to time with available data; but in the absence of 
large test plant the data had to be derived from tests on 
plant of a size small in comparison with the range of 
ratings that had to be declared. It is not surprising, 
therefore, that some of the designs made to* the old 
empirical ratings have required revision in respect of 
strength of detail components. 

Performance is the proved ability of the circuit 
breaker under test conditions, and, like rating, should 
be based on the current broken and the severity of the 
other conditions of the circuit in which the test is made. 
The conditions include the size and the electrical and 
mechanical characteristics of the generator, and the 
internal and external impedance of the circuit, which 
control both the power factor during the arcing period, 
and the value and rate of growth of the recovery voltage 
on the extinction of the arc. 

Selection is the choice of circuit-breaker rating for a 
given service condition, and must be in accordance with 
the recovery voltage and power factor of the short-i 
circuit in the vicinity of the circuit breaker on the 
system, and the margin for safety required, having 
regard to the relative importance of the position. Foi . • 
a given fault current the demand, upon the circuit 
breaker is greatest with low power factor and high 
recovery voltage. This occurs when the fault current is 
restricted by reactance, as in a fault on the secondary h 
circuit of a transformer near to a large generating!: 
station. The demand is least when the power factor is T; 
high and the recovery voltage is low; but this seldom ^ 
occurs in practice. Between these two extremes comes ] 
relative easement by low recovery voltage or by high[ ■ 
power factor. An example of low recovery voltage 
conditions is a fault near isolated generating plant, which! v 
stores up little electro-mechanical energy and has i)| 
large voltage decrement. High power factor is associated ;jfs 
with a remote fault, in which the current is small in ’ 
comparison with the capacity of .the plant, and the 1 
circuit, in the absence of transformers, is mainly non- , 
inductive. i 

An international method of interpreting short-circuit 
oscillograms has yet to be determined. In the author's 
opinion, rated breaking capacity should be based upon 
performance under some clearly-defined standard test- 

^ '20 
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conditions. A suggestion for discussion, intended to 
assist in the establishment of a suitable standard circuit, 
is included in Appendix I. The effect of departure from 
test conditions must be very clearly understood. For 
instance, let it be supposed that a circuit breaker has 
had some definite rating assigned to it under the standard 
conditions; then, if the same circuit breaker is used in a 
situation where, other things being equal, the power factor 
and the recovery voltage depart from the standard, the 
performance may be expected to differ also, and it may 
in fact become necessary to select a circuit breaker of a 
larger or smaller rating, as the case may be. 

In spite of doubts that have been expressed about the 
consistency of oil-break circuit-breaker operation, given 
a correct understanding of the conditions t 5 rpical British 
commercial oil-break circuit breakers will break short- 
circuits with reasonable consistency well above the rating 

assigned to them in accordance with B.S.S. No. 116_ 

1929, at a recovery voltage in accordance with the 



Fig, 38. 




service conditions pf an interconnected network. (This 
is shown in Appendix II.) These conclusions are based 
on experience with circuit breakers having satisfactory 
mechanical construction and insulation. Obviously, the 
circumstances may be entirely different if there are such 
defects as sticking of a circuit breaker, a tendency to 
reclose, when opening, pumping at the contacts when 
closing, or failure of insulation, any of which may cause 
sustained arcing, which, even if of short length and of 
only a few seconds’ duration, may entirely alter the 
stress within the enclosure. An excessive succession of 
arc impulses may build up stresses that venting devices 
are incapable of relieving with sufficient rapidity, and 
such stresses will exceed many times that of the maxi¬ 
mum gas explosion. On the other hand, it must be 
reihembered that enclosures which pass heavy and steady 
hydraulic pressure tests will withstand impulse shocks of 
much greater intensity. For example, a tank designed 
for a steady hydraulic pressure of 150 lb. per sq. in. is 
shown by a pressure record (Fig. 38) to have withstood 
an impulse pressure of 950 lb. per sq. .in., and experience 


proves that impulse pressures up to 10 times the steady 
hydraulic pressure can be withstood satisfactorily. 

Closing on short-circuit is perhaps so rare that in 
the past it has not been required of circuit breakers in 
standard specifications. It has been a debatable point 
whether the circuit breaker should trip free, or go right 
home first. A trip-free circuit breaker that does not 
close completely may destroy itself in pumping caused 
by the pull of the closing solenoid or of the motor 
yielding to the repelling forces before the trip has time 
to operate; and even without pumping there remains 
the chance that the circuit breaker may attempt to 
break at the maximum wave of the short-circuit transient 
without having the full benefit of the quick-break 
mechanism. A further argument in favour of ability 
to go right home lies in the fact that the service duty 
of any circuit breaker is to isolate the section controlled 
by it; and therefore, if a circuit breaker is closed on a 
through ” fault, another circuit breaker, namely, the 
one controlling the faulty section, is the one that should 
open, and not the one that is being closed. 

It is possible that currents on the closing of circuit 
breakers on a short-circuit may sometimes be so large, 
and closing right home so difficult to achieve, that a less 
expensive alternative may be sought; for example, the 
addition of some discriminating device that " will 
actually prevent the attempt when the circuit con¬ 
dition is such that these heavy currents would be 
encountered, 

(a^vu) Stress Limitation. 

The first requirement of a circuit breaker is that it 
must be capable of withstanding any current or voltage 
condition within its rating, without establishing an arcing 
fault in itself. Next in importance is that during the 
arcing period it shall create the minimum effective 
stress within its enclosure. The strong tank and top- 
plate, in contrast with the earlier thin tank, are in them¬ 
selves a means to this end. The strong walls resist the 
pressure and restrict the arc-containing bubbles. The 
turbulent gases at high density, which form the bubbles, 
help to prevent restoration of the arc after the current 
has passed through zero. Paradoxical as it may seem, 
a. pressure created within the tank is actually a stress-i 
limiting factor in circuit-breaking. 

It is also essential, for stress reduction, to make the i 
contacts sufficiently robust to withstand the mechanical ; 
toces due both to the magnetic field and to the thermal ■ 
enects of the current and consequent arcing. The 
problems of the circuit breaker may not be entirely 
solved by the use of intricate arcing contacts, even 
should tests show promise of stress reduction. Devices 
of elaborate shapes and constructive features are costly 
and dif&cult to inspect and to maintain, when compared 
with plain arcing contacts separating in oil. If con- 
tevances designed to improve breaking capacity include 
in themselves additional features, they tend on that 
account to introduce weakness either mechanically or. 
electrically; and in the event of failure the final defence | 
must depend upcm strength of enclosure. Moreover, the I 
elmnnation of oil does not necessarily give immunity | 
from trouble, since the insulation is more apt to fail 
because of its exposure, and arcing in air creates stresses 
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and widespread damage, constituting a danger to persons advantage to do this in capital power stations when 
and a likelv source of damage to hnildi-norc « non T O AAA ZJ. • * 


and a likely source of damage to buildings. 

{xviii) Saving Switchgear. 

The elimination of superfluous switchgear tends to 
increase safety, on the principle that there are fewer parts 


generating at 6 000 or 12 000 volts, because it avoids the 
wasteful cost of conductors for very heavy currents. 

When other connections come from the line, as happens 
with tees, parallel feeders, and ring mains, the cost of 
high-voltage switchgear must be faced. The “ single- 



Fig. 39. 

A.—Transformers. B,—Isolators. C.—Circuit breakers. 


! to go wrong; and for an equal cost the simpler switchgear 
i has better components, and therefore the risks are still 
I i further reduced. On step-up units the use of switchgear 
I on the low-voltage side of the transformers only has 


B C 



Fig. 40. 


A. —Network protectors. D.—Distribution area as normally used 

B. —Closed busbar system. in Great Britain. 

C. —Divided busbar system, E.—Low-voltage network (solid). 

f effected a saving in high-voltage circuit breakers; and the 
1 principle can be applied wherever the high-voltage side 
;i of the transformers and the line are independent units. 
Similarly a saving in power-station switchgear is effected 
by using one circuit breaker to control the generator and 
■ its step-up transformer. Tncidentally> it has been a great 


switch'' substation idea, due to Mr. J. R. Beard, has 
been adopted to good effect on the 132 000-volt grid, 
three switches serving where five would normally be 
required for two feeders, two transformers, and a busbar 
coupler (Fig. 39). 

. The lay-out and connection to the low-voltage distri- 



biagram of connections as in Fig. 42, but with overload 
cut-out in tee-ofE to consumer’s transformer. 

bution may have a material effect on the breaking- 
capacity demands on the transmission switchgear. For 
example, the generating plant, when “ synchronized at 
the load as an alternative to paralleling at the bus- 

Three papers, “ Synchronized at the Load,” Tramactiom of the American 
I,BS., 1929, vol. 48, pp. 1079-1107. 
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bars, utilizes the load transformers and network as 
impedance. Fig. 40 shows the contrast between the 
running condition of the closed busbar system and that 
of the divided busbar. The latter system has introduced 
into American practice the automatic “ network pro¬ 
tector,which is a circuit breaker with automatic 
discrimination in respect to voltage, synchronizing, 
anti-pumping, and direction of flow of power. The 
system requires comparatively small circuit breakers near 
the source of power, since the total capacity is split up 
into relatively small sections instead of all being tied to 
one busbar. The reduction in short-circuit fault-current 
values on the various parts of the system, compared 
with those obtained in more usual supply and distri¬ 
bution systems, is shown by the following flgures, which 
have been calculated on an assumed S 3 mibolic system: 


Fig. 44 shows a fuse that trips a switch,* and i.s thus 
an additional example of combinations of fuses with 
switches designed to avoid the usual trip coils and current 
transformers. 

Group-switching may be adopted to reduce the dimen¬ 
sions and possible short-circuit conditions of feeder 
circuit-breakers, where there are a number of feeders 
branching from one source. The circuits are so arranged 
that all heavy short-circuits are cleared by the group 
circuit-breaker before the faulty-feeder circuit-breaker 
trips. After the latter has opened, the group circuit- 
breaker recloses, and the healthy feeders continue 
working. 

In one form of the arrangement it is intended that the 
less severe faults shall be cleared by the feeder circuit- 
breakers; but the objection to this is that a small fault 


Type of System. 

Equipment 

“ S 3 mcbroni 2 ed at the load*’ 
(low-voltage network) 

Paralleled at the busbars 

Switchgear at source of supply 
ffigh-voltage circuit breakers near the load 
Low-voltage circuit breakers near the load 
Low-voltage cables designed to bum clear on 
the occurrence of an ** internal fault 

Maximum fault kVA 

50 000 

There need be none 

1 850 

16 000 

Maximum fault kVA 

150 000 

131 000 

31 400 

There are none designed to burn out, since 
radial feeders are usual, with protection by 
fuses or circuit breakers 


^ suDstations can be very simply 
equipped with oiHmmersed isolators in the indi^ 
catM m Figs. 41* and 42, when no automatic co^S of 
coming and outgomg feeders is required. An adapta¬ 
tion m a group of three units, iUustrated in Fig. 43 , 



sectionahzed 

the four cables testing of any of 

Gaits of either pair o/eSfes * switching 

: * Cook and Kitt^ 


grow into a serious short-circuit during the operation 
of the compratively smaU feeder circuit-breaker, which 
may thns be caused to fail seriously. The alternative 

breaker and there are two main sy.stems for cloim; this 
on^th pilots and the other without them. ' '' 

= 1 ,,^ Pnnpiple of group-switching with pilot wires 

SSi^thf c ' electrical Eiterlocking 

tween the circuit breakers; and the proposal for 



is shown that each fee^f ft “ %• 46, where 
coils mechanically interlock^'^^i. 

isniadereadytotripthecircuih^^^^ 

and Astbury, 
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of a fault; but is not allowed actually to do so until it is 
released by the other, which is an under-current or under¬ 
voltage coil. This release does not take place until the 





Fig. 44. 

A. —Fuse. , 

B. —Kick-off spring released > o' 

by fuse blowing. J circui 

C. —^Tripping lever. 


nted on plunger bar 
circuit breaker. 


current in the coil has died away; that is to say, until 
the group circuit-breaker is open. The group circuit- 
breaker itself has an over-current or earth-leakage release, 
and is provided in addition with an automatic reclosing 


(^ix) Safety of Men Working on the Line. 

The systems of earthing a cable for the safety of men 
working on a line,* although they have undergone but’ 
little change, have been the subject of much discussion, 
particularly in respect of their application in mines. 

The point has arisen that when the circuit breaker is 
closed for earthing it must not trip out on any account. 
Since circuit breakers are generally of the free-handle 
type, this means the addition of some mechanism to 
lock-off the tripping-device. Interlocks must be very 
thorough, to avoid the risk that the lock may be left on 
at other times when the switch is required to be trip-free. 

In regard to the plug type of earthing, complaints 
have been made that the fitting of the plugs in pre¬ 
paration for earthing is too laborious. One alternative 
method is shown in Fig. .47. The earthing switch is 
incorporated in the circuit-breaker tank, and interlocked 
with the circuit-breaker handle and racking-gear. The 
main circuit must be open before it is possible to make 
the earthing contacts, and when they are made the handle 
is padlocked and the circuit breaker is so locked that it 
cannot be withdrawn. Therefore the earth cannot be 
removed by any mischance, the only way being to remove 
the padlock and to open the earthing contact by hand. 

It can then be padlocked again in the open position, and 
the circuit breaker can be used in the ordinary way. 



Fig. 45.-I>riaciple of groap-switcMag wRh pil^ (necessary time-delay devices and reclosmg 

contactor omitted for simplicity.) 

OnafaultatF:— 

Relay 1 operates, dosing trip circuit of group circuit-breaker A. 

B «i>-»»i‘-breaker A 

B taps without load, and throws over switch 4 to dotted position, thus reclosing group circuit-breaker by coU 8 . 


device, which operates in about 0-6 sec., and so restores 
theload on the remaining healthy feeders. The system, 
since it requires no pilot, is applicable to a number of 
remote branch feeders connected by cable to the group 
circuit breaker^*;'/^ V ■■ 

. -Andrew;' 


The same point arises in power-station and substation 
practice. When a cable is definitely earthed for men 
working on a line there should, be no risk that the circuit 
■ breaker wiU trip out accidentally or by the act of an 
unauthorisfed person; and to ensure this the tripping 
• /ow-wrf1935, vol. 68, pp. 4S7 and 438, Figs. 24 and 28. 
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mechanism must be locked off. This introduces the 
secondary hazard that the circuit breaker may be racked 
in erroneously while it is locked in the closed position. 
Normally a circuit breaker has an interlock between the 
racking-in and the off position, which automatically 
trips a closed circuit-breaker during racking-in; but if a 
part of its mechanism is jammed by an improvised pin 
or other device foreign to its normal construction, the 
automatic trip is ineffective. This is not an imaginary 
danger; it has actually happened that, owing to the 
insertion of such a pin, a closed circuit-breaker was 


The system of plug earthing is not always applicable, 
and, as an alternative, a separate oil-immersed earthing 
switch has been embodied in the initial design of each 
unit panel, interlocked with isolating switches, and pre¬ 
ferably, in large switchgear, closing on one phase at a 
time. This phase-by-phase earthing is a precaution 
reducing the extent of the damage caused in the event of 
the accidental earthing of a feeder alive from the far 
end, the resultant damage being then limited to that of 
a single-phase fault to earth through the earthing 
resistance. 





\ 





Position 1. 


Position 2. 


Position 3. 


Fig. 46. Principle of sequential i^oup-switching (necessary time-limit elements omitted for simplicity). 

—Over-current coil and plunger. 

—^Under-current coil and plunger. 

PnrfHnn ** a ” and “ b ’ * ark interlocked mechanically. 

Position r 

r 'T Which falls on trippiug-a™ -a’- 

’’y » s>>ort interval 

On healthy feeders, plungers “ a ” and “ b ” ien4in interlocked as in pcSn 1 . 


seriously damaged by arcing at the orifice contacts on 
being racked in. 

Care must therefore be exercised in the selection and 
me of properly-designed , devices for locking-off the 
tripping mechanism. ' They must pin down some 
primary lever, and at the same time positively prevent 
mov^ent of the racking handle. Such a device, 
diustrated in Fig. 48, is in the form of a locking bar 
purely f^tened and padlocked into position. The bar 

arranged that only the 
whichis made to exact dimensions, wlU effect 

the S*^?tK^: bar is chained to 

rne rest of the earthing equipment. 


{xx) Fault-Current Limitation, 

The need for care in the lay-out of circuits in its 
effect on the selection of switchgear has become more 
and more obvious with the continued growth of systems; 
and reactors are being used to an increasing extent in 
order to hmit the consequences of short-circuits, and to 
mminuze as far as possible the size of the switchgear 
requ^d for any given network. To obtain metal-kd 
construction of reactors, methods have been tried out 
using wmdmgs consisting of single or multi-core cables 
pn a concrete former; but the enclosure of suitably 
“ pil-fiUed tanks, following transformer 
l^ipractice, is proving more economical. Fig. 49 iHus- 


V 

.■:J^ . 






AUTOMATIC PROTECTION, AND REMOTE CONTROL. 


307 


a novel combination of switchgear with reactance 
in feeder circuits. Incidentally, it also shows the 



A. Earthing-switch blade in “ on ” position. Handle inter- 
locKed with circuit-breaker handle and rack-out gear so 
that It IS impossible: 

(1) To close A before B is *“ off,” 

(2) To close B before A is “ off.” 

(3) To rack out when .A is “ on.” 

breaker with usual interlocks and additional inter- 

lOCK With A. 

C. Normal earth-circuit through framework. 

E —EarSi^bar^^^^ earth-circuit through plug contacts. 



ment it is interesting to note the revival of liquid 
resistors for use in earthing the neutral point of high- 
voltage systems. The employment of metal-covered 
cables in this circuit permits the application of metal- 
clad principles in a simpler manner than is possible with 
any other form of earthing resistance. The negative 
temperature-coefficient of the liquid operates in the 
direction of providing a “ current-growing effect when 
earth-fault currents are passing. 

{^xi) Tripping Batteries. 

An advantageous change in the type of battery in 
common use for substations has been made. Primary 
batteries of Leclanche cells have been found wanting^ 



Further, w;hiie considering metnl-clad auxiliary equip- 


Fig. 49.—Feeder reactance and switchgear. 

A. —Earthing switch. 

B. —Metal-clad reactance. 

C. —Trunking for connections between switchgear and reactance. 

owing, for example, to corrosion of terminals requiring 
excessive maintenance ^ in cleaning, breakage of jars, 
excessive creepage, and evaporation of the electrolyte. 
The labour involved in periodic inspection and overhaul 

justified a preference for secondary batteries of the 
nickel-cadmium type, which incidentally are more in con¬ 
formity with the principles of metal enclosure, and for 
that reason effect economy in space and maintenance 
cost. The trickle " charging of tripping batteries is 
now a point worthy of attention, particularly for large 
sizes, which cannot be conveniently transported to a 
charging station, 

(3) AUTOMATIC ISOLATION OF FAULTS. 

{i) Gemral. 

In no period of the history of automatic protection 
has the quest for change in design been so active. The 
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increased length and importance of lines introduced by 
the British grid have made the need for stability stiU 
more pronounced, and the technical difficulties more 
acute. In the same connection, the reduction in cost of 
pilots in discriminative feeder-protective systems, or their 
total elimination, has been insistently called for by the 
Central Electricity Board in its exercise of economy. 

Attention was first paid to the perfecting of the 
established balance (Merz-Price) systems, and several 
detail corrections made these acceptable, but only for 
short lines on account of the high cost of long pilot 
; cables. Then came the time/distance system, with a study 
i of the earlier impedance t^es and the later reactance 
1 types, concentrating upon the reduction of time in 
? operation in order to approach the quality of the balance 
systems. In the meanwhile, consideration of the possi¬ 
bility of cheapening the pilots for balance systems helped 
to evolve systems using the inter-operation of relays by 
means of signals that could be passed over channels used 
for telephony, or by means of high-frequency currents 
superimposed on overhead lines. Recent thought has . 
been in the direction of quickening the action of pro¬ 
tective gear between the occurrence of a fault and the 
I isolation of the faulty section, on lines of any length, with 
' the use of a practically costless pilot, and without 
sacrifice of stability. 

Protective systems operating in the minimum possible 
/ time are referred to as instantaneous,’* although the 
description can never be strictly coxxect, because a relay 
requires time even to energize it, apart from the time 
; taken to operate it. It implies that the action of the 
; protective system is such as to start the operation of the 
' trip mechanism of the circuit breaker without deliberate 
j delay. The ideal system would be truly instantaneous, 
and in addition, to be perfect for universal application, 
Jshould be a unit system; that is to say, its operation 
and discrimination on any one section of the network 
should be independent of the operation and discrimination 
-;on any other section, so that the network may be 
I extensible in any way, with tees as well as with loops, 

I without interference with any existing equipment. 

I ; The interlinking of. power stations and systems is now 
bn so toge a scale that a possible reduction of circuit- 
breaker stresses in dealing with short-circuits has some- 
ifcimes been suggested by means of automatic sectionalizing 
ijprior to the clearance of the line on which the’fault 
exists. Time-limit over-current releases have alwa 3 ^ 

■ been required at power stations and other crucial feeding- 
* points, as a precaution against failure of the switchgear 
'< or of the discriminating protective equipment, which 
.. constitutes a busbar fault; and the application of these at 
an additional number of points is preferable to sectional- 
sizing into blocks interconnected by circuit breakers with : 
f over-current releases between sections of the network, - 
on account of the dislocation that would be caused by 
|i the too fi^uent unlinM of plant or network, with 
4 ; possible difficulty in subsequent recoupling. 

“ Even with the best of discriminative protective ; 
systems, “ back-up ” protection will always be required, | 
because of ihe m^ failing to clear : 

although the pmtective syst^ initiated its operation 
corr^tly. Moreover, the zone coyered by the protective 
system does not usually include the busbars or the 



transformers themselves. The transference of operation 
from ,one relay to adjacent relays with an additional 
time-delay in the event of a circuit-breaker emergency 
has been proposed; and balance or leakage protection ‘ 
has been used to clear all circuits connected to a busbar 
fault; but neither of these by itself is a complete solution. 
When complete back-up and busbar-fault protection is 
regarded as essential, it can be best secured by the addi¬ 
tion at all feeding-points of time-limit over-current 
releases, preferably of the inverse-current type, with low 
definite minimum time-settings. 

Of the classes described in Section ( 3 )(iii) below, the 
balance class contains the best examples of technically 
ideal unit systems; the self-balance class also includes 
unit systems; the unit systems of the direction class 
have a limitation in respect of adjustments when adding 
tees to feeders; and the time class, although not com¬ 
pletely of the unit type, has the inherent advantage of 
providing back-up and busbar protection, since operation 
in adjacent sections overlaps, with time-discrimination. 

(n) Limitation of Damage. 

The ideal of instantaneous isolation of faults has been ; 
generally accepted. Formerly, long time-limits were 
adopted in some quarters as a means of discriminating, 
but now it is realized that the original North-East Coast,, 
practice of maximum speed of fault-clearance is essential'i j 
for restriction of damage as well as for continuity of 
supply. The tendency is to think ,in terms of the ^ 
minimum number of cycles required to clear a fault from i 
its start to the interruption of the arc in the circuit i 
breaker; that is to say, during 

(1) The operation of the relay. :i 

(2) The energizing of the trip-coil. 

(3) The movement of the circuit^breaker parts up to 

the point of separation of the sparking contacts, i 

(4) The arcing period before extinction. 

For example, on a 33 000 -volt network, with an instan-^^- 
taneous protective system, it should be possible to clear ti 
a fault in 8 cycles. The various forms of protection have ^; 
to be judged by whatever number of cycles their delayed- ■ 
action characteristic adds to this period. 

As a further aid to the limitation of damage by the 
use of instantaneous protective gear, the operation of the | 
alternator field-switch* is an important addition, the ^ 
object being to prevent the spread of burning of armature 
windings and cores after the occurrence of a fault. This ; 
has justified the practice of making the field switch j 
(which takes the form of a direct-current circuit breaker)' 
operate instantaneously, without a discharge resistance,! 
immediately; after the initial movement of the main - 
circuit-breaker. For similar reasons, the neutral earth-i 
connections are opened automatically by simultaneous j 
operation of the alternator neutral-earthing switch. 

(iii) Present-Day Practioe. 

Selective protective systems for; fault isolation niay\^ 
now be divided into four generic classes according to the i; 
way in which they provide discrimination, namely: 

(1) Balance; (2) Time; (3) Self-balance; (4) Direction,/ 
Systems for generator and transformer protection fall 

* 1926; vol. 63, p. Hg. 36. 
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Fig. 51. 



A. —Solid-core current transfoimers. 

B. —Single-pole relay. 

C. —Metal case. 

D. —Summation transformer, 

E. —^Tuning condenser for ensuring oscillatory stability. 


F. —^S^lit-pilot transformer. 

G. —Divertor reactor. 

H. -—Terminal block, including central testing poini 
J.—^Mid-point tripping connection. 
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chiefly into the first class, and have met modern condi¬ 
tions with little, if any, fundamental change. On the 
other hand, feeder-protective systems have been changed 
in general character to meet modern requirements of 
economy, which have already been mentioned, and are 
dealt with in further detail below. 

(1) Balance .—^All types of balance protection depend 
upon the use of a pilot or channel of communication 
used in the form of a pilot cable or a telephone pair, and 
are derived from the Merz-Price t 5 q)e of protective 
systems. This widely-used class includes the McColl 
bias, the translay,^’ and the split-pilot systems.* The 
progress in these has been mainly ejffective in securing 
greater stability on the occurrence of through faults, 
in the first-mentioned system by bias opposition in the 
tripping relay, in the second by eliminating the effects 
of pilot-wire capacitance currents by adjustment of the 
field in an induction-type rotary relay combined with a 
transformer (Fig. 50), and in the third by neutralizing 
the effect of capacitance, vagabond, and other harmful 
currents by the use of the conductors in the pilot cable 
on the split-conductor principle of self-balance, thus 
operating with plain electromagnetic relays (Fig. 51). 
In the last-mentioned system, further, a tuning arrange- 
; ment is used to prevent inadvertent operation of the 
^ relays by currents of abnormal frequency. 

Another system, f starting on new ground, has for its 
basis the balanc^, up to certain limits, of current trans¬ 
formers with a low saturation-point (Fig. 52). Tripping 
is by overload relays interlocked through a pilot wire. 
The condition for stability on ** through currents in 
sound sections is that the sum of the currents circulating 
in the pilot wires operates lock-out relays, which prevent 
tripping; but in the faulty section the difference of the 
currents, now in opposition, is insufficient to operate the 
lock-out relays, and thus the overload relays are allowed 
to bring about tripping. The advantage of this system 
: is that the pilot voltage is restricted to a low value, and 
there is a possible saving in first cost on this account. 

A proposal^ has been fully explored to replace the 
pilot cable with a telephone pair, by which the secondary 
i currents converted into direct currents through small 
rectifiers at each end of the feeder would be balanced; 
but since in the conversion the direction of the power 
flow in the feeder was not reflected by the direct current 
in the pilot wire, the system was inoperative for a fault 
fed by equal currents from both ends of the line. In its 
simplest form it was like the parent Merz-Price system 
in having no voltage transformer. It also provided 
instantaneous operation and, in addition, it could be 
used with a cheaper form of pilot, such as a telephone 
pair. 

For accuracy in operation and minimum time- 
function, the balance class remains the nearest approach 
to the present-day ideal for instantaneous operation. 
Its main virtues are that it functions on current alone, 
i;and that it is a simple and flexible unit system. 

!. (2), Time .—^The types of protective systems in the time 

I class epaanate from serial and graded pibtless time- 


« P- also B. H. Leeson and H. I-eben 

ifte Fmaples of Feeder Protection and their Application to Three Moderj 

the International E.H.T. Confereno 

t Biles, Satralock protection. 

J..R..Beard.- :■ v . 


discriminating devices, of which the fuse is a primitive 
example. During the period under review the types 
known as distance-relay systems, using restricted time- 
discrimination aided by a sense both of direction of 
power flow and of the distance of the fault from the 
relay, have progressed, mainly on account of the long 
lines of the British grid, to the extent that now, for! 
132 000-volt lines of 12 miles in length and over, the 
characteristics are nearly equal to those of the balance , 
class in speed of operation. The impedance system and 
the ratio-balance system*ff are modern systems in this 
class. Such systems provide discrimination by auto¬ 
matically controlling the time-delay in accordance with 
the distance of the fault from the relay, as measured, 
for example, by the impedance of an earth-fault loop in 
the impedance system, and by the reactance of an 
earth-fault loop in the ratio-balance system. 

Experiments with open arcs have proved that, owing : 
to the inconsistency and variation in the resistance of 
an arcing fault, impedance measurement may lead to 
incorrect location of the fault, with consequent isolation 
of the wrong section, whereas by eliminating the 
resistance component in the relay design a reactance 
measurement is obtained by which the risk is removed 
(see Appendix III). The technical limitations imposed 
by time-grading put this class at a disadvantage when i 
compared with the balance class; but on the other hand : 
the entire elimination of the pilot compensates liberally ; 
for its lack of simplicity, which in essence is due to the 
addition of a voltage element for direction and distance 
detection, and other auxiliary selective devices. 

(3) Self-balance.-^In this class, the pairing of cables, 
or of conductors, provides the means of fault discrimina¬ 
tion. Types still in use are split-conductor protection, 
using two cores for each phase or two separate S-phase- 
cables or lines in parallel with the conductors grouped in 
pairs, and 4-core protection, in which only one phase is- 
paired. '"They depend for operation upon the inequality 
of current in the conductors of a pair caused by a fault. 
Where the use of two cables or lines in parallel is not 
impracticable for other reasons, protection is secured for 
a negligible extra cost.f The principal problem originally 
encountered was to ensure tripping at the feed end of 
the protected line with a fault at the far end. This was 
solved by using an expensive reactance-type current . 
transformer with an ordinary circuit breaker, and later 
by using a split-conductor circuit breaker with single-turn 
current transformers. A recent solution adds a pilot in: / 
the form of a telephone pair, which enables an ordinary^^ 
switch to be usedj: (Fig. 53). The pilot thus takes over-; 
the function both of the reactance-type transformers and j 
of the special circuit breaker with split conductors,. 
The use of tees off main cables is frequently a handicap! 
to protective systems. Split-conductor protection can 
be adapted to a tee-off in the way shown in Fig. 54, in 
which a differential reactance bridges the splits, and the 
consumer's load is protected by a switch-fuse. The 
self-balance class operates only on current, and in this 
respect ranks with balance protection for simplicity, j 
The systems it includes are also unit systems. : 


P- B. H. Leeson and H. Leben: 

■ .j.Gripper*'■; 
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(4) Direction .—^Apart from parallel-feeder protection 
using directional relays, the entire progress in this class 
has been recent. A system was proposed at one time* 
for the protection of an interconnector between two 
power stations, but since isolation of the fault depended 
upon fault current being fed from both ends simulta¬ 
neously, and at that time reverse-power relays were 
not up to present-day standards of reliability, it made 
no progress. A lock-out schemef was proposed long 


section that carries a through overload or earth- 
leakage current, first consideration being given to 
stability. No signals are sent on the faulty sections, and 
hence the circuit breakers on these are allowed to 
operate as soon as the sound sections are stabilized. 

To effect further economy, the system was so designed 
that if, for example, a telephone pair were used normally 
for telephony or control it could be borrowed momentarily 
for transmitting the signals during the existence of the 


Cl Cl 



Fig. 53. 


Al and A2.—Split-cc»nductor current transformers. 

Bl and B2.—Overload relays. 

Cl and C2.—Pilot relays. 

D1 and D2.—Trip coils. 

El and E2.—Circuit-breaker auxiliary switches. 

Sequence of operations on the occurrence of a fault at F:— 

Relay E1 operates, and energizes trip coil Dl through switch El, thus opening the circuit^ breaker. Relay C2, being 
in parallel with trip coil Dl, operates simultaneously, thus energizing trip coil Dl tlirough switch E2. 



A-Split-contact circuit breakers. C.—High-impedance reactor. 

B.—Split-conductor curreut transformers. D.—Switch-fuse. 


after for overlapping operation on a chain of feeders, 
but it has not found favour owing to its being a non¬ 
unit system. This and other later systems in the 
direction class obtain discrimination by the transmission 
of a signal over a pilot. 

The interlock} system (Fig. 55) was developed to pro¬ 
vide unit protection and to enalDle the signals required 
for discrimination to be transmitted over any form of 
pilot. The tripping of the circuit breakers is prevented 
by the lock-out signal transmitted individually in each 


* Garrard, 1908. , 

t 1930, vol. 68, p. 832; al^ B. H.^Leeson and H. Leben: 

Paper No. 106, presented to the International E.H.T. Conference (Pans), 1931. 


fault on the protected feeder, after which it would be 
restored to its normal use. By this innovation an 
important step in design was made towards the elimina¬ 
tion of a separate pilot for protection alone: an answer 
was given to the demand for pilot economy by producing 
a workable system with a practically costless pilot.* 
Another variety of this form of protection was subse¬ 
quently evolved,} in which the relays transmit, in a 
manner similar to the established duplex telegraphy, dual 
signals for stabilizing the lines carrying through" 
fault currents, whereas the balance of the signals at the 
ends of the faulty line allows tripping of the circuit 

* Scott and I<ceson. .t Kapp and Carrothers. 
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breakers. This method is an interesting and novel t 3 rpe; but the means of transmitting the signals would 
application of a well-known system of signalling, and appear to confine its application to pilot-wire working. 
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Fig. 56. 


A,-rCurrent transformers. 

Bl-iHigh-frequeney choke. 

C. —Condenser coupler. 

D. -^Directional staoilizing elements. 

^^•■"“Overcurrent tripping-element with time-margin. 

F.—Fault.-' ® 


may prove to have its advantages in that it includes 
sequential functioning of relays for faults fed from both 
ends,, thus spewing operation on faults of this 


G. —-Lock-out relay. 

H. —Trip coil, 

^ J,—High-frequency transmitter and receiver. 

R.—High-frequency receiving apparatus. 

T.-High-frequency transmitting apparatus. 

In one form, the pilot wire is embedded in the core < 
the earthed guard-wire to effect economy. 

operating times of these protects 
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systems when applied to networks would be a desirable 
advance towards the ideal .of instantaneous protection; 
ut it should not be made by taking a risk in cutting 
own the time-margin required to secure correct sequence 
of locking and tripping. 

The method of employing superimposed high-frequency 
current over the power line as the pilot for an interlock 
s^tem, which is now established in British practice, is 
shown m simplified diagram form in Fig. 56. The use of 
a uniform definite time-margin provides the necessary 

tripping begins 

ONRMJLTY 



; stability by locking out the sound feeder prior to tripping 
; the faulty feeder (Fig. 57), Since operation takes place 
;■ without the passage of a signal over the faulty section, 

■; a breakage of a line does not interfere with the normal 
' * operation of the protective system. 

The directional class, in general, suffers like the balance 
j class in requiring a pilot, and like the modem time class 
ii in requiring voltage elements for direction-detection; but 
on the whole, in economy, it lies between the two classes, 
i because the voltage element may be disregarded relatively 
. . to the pilot, and the pilot itself is, at the most, inexpensive 
i when used in one or other of the phantom forms described. 
Interlock systems of this class go a long way towards 
];[ reaching the ideal; and, given a directional element to 


function on current only, the operating merits of the 
Merz-Price system would be obtained without the cost 
of pilot wires. 

{iv) Safeguarding Telephone Systems. 

A new item not included in the recently-reviewed 
problem of interference between power and communica¬ 
tion circuits* arises out of the introduction into pro¬ 
tective systems, and also into the remote-control systems 
referred to later, of telephone pairs and channels, which 
thus become electrically associated with the power lines 
through voltage transformers, current transformers, and 
earthing network. A failure of insulation on the trans¬ 
formers, which is a rare occurrence, directly raises the 
potential of the secondary circuits, but in addition, 
when an earth fault develops in this or any other part 
of the power circuits, momentary potential differences 
are set up because of the resistance of the earth-return 
path, and this also raises the potential at some part of 
the telephone-cable sheath above that of the enclosed 



Fig. 58. 

For explanation of A and B, see Appendix IV (page 329). 


conductors, the amount being dependent upon the 
proximity of the sheath to the main earth-circuit of the 
power system. Research on these possibilities, carried 
out by means of a test plant with fault currents simulating 
service conditions, has proved that definite precautions 
are necessary for ensuring safety and non-interference 
with telephone service (see Appendix IV). These are 
indicated diagrammatically in Fig. 58, and involve the 
use of separate earthing-devices for the secondary 
circuit and, as further safeguards, either '"physical 
separation" or a "separated circuit" in the associa¬ 
tion between the secondary circuit and the telephone 
cable, and a separation of the telephone cable earth 
from the main earth-plates of the power network. 

(4) REMOTE AND AUTOMATIC CONTROL. 

(i) General. 

Now that large areas are dependent for their most 
efS-cient supply on a properly controlled division of load 
between generating units, which are whole power 
stations instead of single generators, some means is 
essential of focusing at a central point in an easily 

♦ W. G. Radlev: Journal I.E.E., 1931, vol. G9, p. 1117. 
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visible way all the information required to enable the 
controlling staff to issue general directions to the several 
units concerned, and actually also to initiate such 
switching and other major operations as are required 
from time to time by changing conditions of consumption. 

The remote control of switchgear, although it was 
primarily adopted for convenience in control on account 
of the compact assembly of the operating switches and 
instruments, acts as a safety feature also. The safety 
feature may be extended to promote maintenance of 
supply by the further development of remote control, 
and the addition of automatic control, in virtue of its 
acting as a substitute for human thought through 
operative functions definitely predetermined to corre¬ 
spond to preconceived occurrences. 

It was stated* in 1924 that "'no system appears to 


The progress of the automatic control of substations 
has led to other remote and automatic control schemes of 
great importance, such as automatic synchronizing of 
generating plant and automatic frequency-control with 
load-sharing; and these, in a centralized form, are now 
fully practicable. The problems dealt with during the 
past seven years, like those of protective gear, have 
been made more pressing by the requirements of the 
British grid; and again the type of control equipment 
used is governed by the pilot or the means of com¬ 
munication available. 

(it) Power-station Control Boards. 

A typical control board for a large power station, with 
its operating diagram, is shown in Fig. 59 (Plate 1). 
The apparatus in the middle of the foreground is for the 



60oq 



Fig. 60. 


remote control of the generators, and at the sides for 
that of the auxiliary equipment. 

Much attention has been given to the neatness of 
control boards, and particularly to diagrammatic indica¬ 
tion and instruments. An example of Continental 
practice is shown in Fig. 60. The lining-up of a “ light- 
band ” on a fiat profile-type instrument is effected by 
having a scale of ground glass illuminated by a small 
lamp. The light is obscured by a blind, which moves 
according to the amount of current through the coil. 
The instruments form part of the diagram, and are 
uniformly calibrated so that a glance shows an area of 
light that affords a measure of the total load. 

This leads up to a control board as shown in Fig. 61,| 
on which the several circuit breakers, and possibly the; 
isolating features also, are operated by keys situated in; 
the diagram lines and mounted in a sloping circular ; 
plane just below the indicating instruments. Relays 
and recording instruments, which need only occasional; 
inspection, are mounted at the back, with an intervening 
space forming a well-lighted passage-way and giving; 
access to the wiring, terminal boards, and cable boxes, i 




have been constructed taking full advantage of all the 
means available, i.e. using discriminating protection in 
combination with automatic indication and code sig¬ 
nalling, and it is probably a matter for satisfaction that 
this possibility of improved working is in reserve and 
available to meet the more onerous conditions towards 
which electrical developments appear to be moving. 
... We may expect to see systems in the future more 
extensive in area and dealing with much larger loads 
than anything now contemplated. Successfully to 
control such systems will probably require, in the 
completest combination, all practicable safeguards 
known to the present-day electrical engineer,'' 

The time foreshadowed is now upon us, but we have 
yet to put to their full use all the known combinations 
of control, indication, and protection. There are, how¬ 
ever, instances of partial steps tow’ards the fulfilment of 
this prophetic statement, sufficient in themselves to 
justify an attempt to predict the state of practice in 
another decade. 

* Pi. V. HaNTER: ** Control and Switching of High-Pressure Distribution 
^sterns,* ^ abstract of paper read before the Soci(5te Francaise des Electriciensj 
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In this way the control engineer has only the essential 
operating features before him, and this simplification 
allows concentration upon vital issues. A further aid is 
the use of superimposed system-diagrams embodying the 
new feature known as premeditated switching (Fig. '62). 
This enables the control engineer, by the operation of 


stoker motors, are arranged on a board together with the 
steam-valve controls, thereby providing centralized 
operation of the whole of the extra-high-pressure steam 
plant. For this installation there is complete desk- 
control in the e.h.p. turbine room of the 1 100-lb. boiler 
plant, which is all electrically operated; and although 



Fig. 61.—System diagram with indicators for premeditated switching and for operative control. 


A. —Indicating instruments, 

B. —Recording instruments and relays at back, 

C. —Generator controls. 

D. —Diagrams and operating keys. 

E. —Entry to passage-way. 


"keys, to rehearse on the diagram the switching operations 
he intends to cariy out, and as he does this the dif¬ 
ferences between the contemplated changes and the 
actual conditions are recorded on the diagram. Having 
satisfied himself that the new switching scheme is 
correct, he then puts it into practical operation, and in 

SWITCH TO BE CLOSED SWITCH TO BE OPENED 



RED OBSCURED BY BLACK 
SHOWS THAT ACTUAL COINCIDES 
wnw REQUIREMENTS. 


Fig. 62. 

so doing brings about agreement on the diagram between 
the intended and the actual switching conditions. 

A modem control board of this type may include also 
a diagram of the steam connections, and these con¬ 
nections, can be indicated and controlled in the same kind 
of way as the electrical connections. In one power 
station,* controls for the boiler fans, dampers, and 
* Bradford Corporation. 


no diagram of the steam connections has actually been 
incorporated in the control board, such a diagram could 
readily be added if thought desirable. 

(Hi) Network Control Rooms. 

The lay-out of control rooms has afforded scope for 
much* ingenuity in the design of detail parts and of 
their architectural structure. For example, the old 
painted diagrams, on which tallies and labels were 
hung, are replaced by diagrams engraved on metal 
panels (Fig. 63, Plate 1). Signal lights are operated 
from a desk keyboard on receipt of information by 
telephone, and remotely-operated instruments indicate 
the load distribution continuously. Figs. 64 and 66 
show details of the Bennett-system lights and diagrams 
included in this network control.* 

The short-circuit calculator is the latest addition to 
control-room equipment, and an example is shown 
in Fig. 66 (Plate 1). It consists of a group diagram 
representing completely the interlinking of all power 
stations and distributing points. Each unit of the 
generating plant, reactances, and network, is repre¬ 
sented in miniature by a resistance proportional to the 
impedance of the actual circuit it represents. The 
diagram is therefore adjustable to represent any quantity 

* London Power Co., Ltd., Ergon House, 
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of running plant and any condition of premeditated or 
actual switching; The switching connections are repre¬ 
sented by dual-conductor plugs, each circuit being of the 
dual type in order to enable both earth-fault currents 
and phase-fault currents to be determined. A complete 
picture of all connections is seen at a glance, and the 
short-circuit current that would occur in any vicinity 
can be read straight off on a portable instrument, which 
can be plugged in to the position of any of .the switches. 



A. —Carbon-filament lamp. 

B. —Reflector, 

C. —Ground glass. 

D. —Supporting bracket. 

G.^—Lamp shining through green glass. 

R,—Lamp shining through red glass. 

The problem of controlling distribution networks 
extending over large areas, such as those of the British 
grid regional schemes, has introduced considerations 
that have resulted in the adoption of selective control 
(wer }>ilots, and a corresponding elimination of hand- 
operabid indicating and recording apparatus in favour of 
automatically-operated devices. 

A difficulty in using pilots in tandem arises out of the 
congestion of signals, and they are therefore arranged 
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■1 

■ 

■Hill 

11 


Fig. 66. 


radially to enisure immediate indication and flexibility 
of control. In. this system, pilots radiate from the 
regional control rooms to each of the controlled stations 
in the area. In the past, the tandem system of pilots 
has been found suitable for the control of direct-current 
traction systems, owing to the saving of initial expendi¬ 
ture on pilots; but for the requirements of control of the 
more v^ital grid supply the more direct-acting radial 
system is preferable. To economize in the cost of pilots, 
Sost-Office channels of communication may be used 


between the control room and the controlled station. 
Direct current is preferred whenever it is available, but 
alternating current at audio frequencies may be used as 
an alternative. A scheme has been developed for places 
where pilot wires exist already for a balance system of 
protection, in which the same pilots can be used by the 
addition of relays to cut in the pilot wire for protective 
service only when required. 

The new requirements have led to the development of 
equipment that may be divided into two broad classes. 
The one class uses telephone-relay-type equipment, which 
has been adapted to meet the modern requirements of 
plant control; and schemes embodying such apparatus 
are known as “ supervisory control.’' Trains of impulses 



Fig. 67. 

A. —Transformer. 

B. >—Transfonner-temperature indication and tap- 

change indication and operation. 

C. —Busbar coupler. 

D. —Feeder:— 

a. —Circuit breaker. 

b. —Bypass isolator. 

c. —Earthing switch. 

d. e.—Busbar selectors. 

E. —Spare ways. 

F. —General alarm and telephone (zero position). 

are transmitted for the indicating and metering signals, 
these impulses being received by suitably-adapted 
telephone-selectors, which in turn operate appropriate 
relays to control lamp indicators and meters. 

The other class of control apparatus centres upon a 
control dial as shown in Fig. 67, with mechanism more 
on the lines of switchgear equipment, and the schemes 
incorporating it are known as centrovisory control.” 
The principle underlying their development is the 
replacement of numerous small relays and their electrical 
circuits by mechanical devices, together with a few 
robust relays. 

The transmission of meter readings is effected by means 
of a direct-current or alternating-current signal from the 
controlled station, the duration of the signal correspond¬ 
ing to the time taken for a pointer driven by a timing 
device to traverse a distance from a fixed zero-point to 
the position of the pointer on the measuring instrument. 
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At the control room a pointer is driven by a similar 
timing device for a similar period, and indicates and 
records the reading of the remote meter. In this way 
meter readings and transformer-tapping positions re¬ 
corded in the control room talty with those in the con¬ 
trolled stations. 

In a regional control room operating on these lines 
the services provided by the 132 000-volt and 66 000- 
\”olt centrovisory control board are as follows:— 

(1) Premeditated switching superimposed by hand on 
a system diagram, 

(2) Automatic indication and comparison with (1) of 
the position of each circuit breaker. 

(3) Alarm signal when a change of condition occurs, 
followed by automatic indication (2). 

(4) Indication of the position of all transformer 
voltage-tappings. 

(5) Alarm signal when any transformer tap-position is 
changed. 

(6) Indication of kW input or output through the 
transformers and feeders. 

(7) Indication as in (6) of the reactive kVA. 

(8) Indication of voltage at selected positions on the 
system. 

(9) Indication in kW of the total generator load at 
various stations. 

(10) Transmission of stereotyped instruction-signals 
from the control room to various controlled stations. 

(11) Telephone facilities from the control room to all, 
controlled stations and extensions. 

(12) Automatic lock-out on failure of pilot, or by key 
at will. 

The control room is elliptical in shape, and approxi¬ 
mately half of its periphery is occupied by the centro¬ 
visory control board. The remainder contains a system 
diagram, which forms a complete picture of the 132 000- 
volt, 66 000-volt, and 33 000-volt interconnected net- i 
works. The control engineer sits in the centre of the 
room at a desk that carries a condensed key-diagram of 
the whole system, and from this position he can maintain 
a correct record of all the connections on the large 
system-diagram. 

Equipment with similar control dials is now being 
used for the remote control of outdoor transforming 
stations so distant from an available control room that 
the additional initial cost of the control is more than 
compensated by the saving in the multi-core cables that 
would be required for ordinary remote control. The 
control then includes, as an additional feature, the 
remote operation of circuit breakers and transformer 
taps, and thus advances a stage further in the direction 
of complete centrovisory control. One of the control 
boards is illustrated in Fig. 68, which shows that the 
several indications are given on two adjacent dials. 

The foregoing indicates the progress made in the field 
of remote and automatic control, and the time is not far 
distant when regional control schemes will incorporate 
not only the direct operation of equipment by the 
control engineer, but also the further use of automatic 
control, which has already been tried out, for maintaining 
constant frequency, giving the possibility of a time- 
service and securing ef&cient interchange of load on the 
network. To this there may be added another function, 
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over and above premeditated switching, namely, the 
giving of an indication, prior to actual switching, of what 
will be the effect of the switching. Thus the operator is 
relieved from mental strain, because of the rehearsal of 
each proposed performance beforehand. 

The way in which the apparatus now coming into 
actual service extends, so to speak, both range of human 
vision and length of human arms is one of the important 
factors making for the success of any national or other 
widespread scheme. 

The author takes this opportunity of acknowledging 
co-operation from his co-director, Mr. Frank Coates, 
and his staff, over many years in the design of the 



Fig. 68. 


A. —Receiver instruments. 

B. —General-alarm and stop-alarm pushes. 

C. —Premeditated and position diagram. 

D. —^Telephone and plug. 

E. —Control pushes. 

F. —Operating relays. 

G. —^Lock-out key-switch. 

Reyrolle products, and from his colleagues, Mr. L. E, 
Mold and Mr. B. H. Leeson, in furthering the progress 
of the principles involved. He would also thank Mr. 
B. H. Leeson and Mr. T. Carter for the large amount of 
assistance he has received from them in the preparation 
of this paper as a whole, and other members of his 
Staff, including Mr. W. A. A. Burgess, Mr. A. Allan, 
Mr. J. A. Harle, Mr. R. H. Brierly, Mr. D. E. Lambert, 
Mr. H. Leben, Mr. H. Rutherford, and Mr. A. Peel, for 
help with technical details and drawings. 
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APPENDIX I. 

Standard Conditions for Short-Circdit Tests of 
Circuit Breakers. 


from short-circuit tests in terms of actual perforinance 
figures. Although B.S.S. No. 116—1929 goes a long wav 
towards establishing the desired standard conditions 
and methods of interpreting oscillograms, it does not 
cover the requirements completely, and Clause 72(iii), 
which allows a test performance to be measured in terms 
of kVA broken, requires modification in orclcT to 
line up with the remainder of the Specification, which 
rates a circuit breaker on the value of the curx'cnts it 
will make and break at the rated voltage. 

In the author s opinion, recovery voltage .should 
be treated as a condition of severity in the standard 
test circuit, in the same way as the standard power 
factor. ^ 


The predo^aat factors determining the severity or 
sriess to which a circuit breaker is subjected, whm 
undergoing short-circuit tests to establish its making- 
and-breakmg-capaaty performance, are as follows:— ^ 

(a) The rated voltage of the test circuit. 

6) The recovery voltage of the test circuit 
If® ^striking voltage of the test circuit. 

S - K ’’ “ *^® circuit. 

m c«irrent in the test circuit. 

{/ j 1 he frequency in the test circuit 

(g) The power factor of the test circuit. 

(h) The earthing of the test circuit. 

(i) The t 3 rpe of short-circuit applied. 

UJ ^he testing equipment used. 

(^) The operating duty performed. 

" breaker shall perform its rated 

“breaking" capS%"JJ^ 

individualcircuitbreakeris to be used Thic 

v«y Irom Ito. ,0 “T 

^ ciaage „ th. pj,*, ad mtwrk 

: smart S”"’ 


If a circuit breaker rated on the basis o + ^ 
formance obtained in this wav is used ^ 
conditioi^ in service its beba^*n ^ more severe 
difieralso. SuSeJnSt^ 

and service conditions shoidd^TSSf^^^^ 

mgastandardcircuit-breakerrating 

IS considerable, or likely to inS^ 

emends, it may be neceLxy to S2t 

standard rating. Conve^i^ ,v +k ^® “®^ larger 

^ ^er than ttie test con<&oi,1t m!^® conations 

to select the neirt smaller ratiiig * ^ permissible 


to assist m estabhshing an international method of prov¬ 
ing theratogs of circuit breakers by standardized .short- 
circmt performance tests; they are based upon average 

conditionsofseveritymetwithinservice.aswell a« upon 

*^® ^ British test plant, • 

and the behaviour of circuit breakers in service, judged 
over a period of 25 years. ^ 

Stendardize testing conditions and 

sTedrif wW^t '"Z ,T “*®'Treting oscillograms, and 

^PPbeation it has been found that the 
effects of deviations from the proposed standard condi- 
rions of seventy usually average out .satisfactorily -ind 
two examples wiU illusriate this. T^fet i" that a 
sm^ circuit breaker rated at 100 000 kVA and situated 

Witt, 

1 000 OOO-kVA ratine circuit breaker of, say, 

likdy to '^2ier“£lf°JesTLS^f breaker ^ 
difference on the safe side ic a . but this 

™porta.tt “ t- °< th, 

a minoritv of cas^Q ^ network. Ix% 

may be such that a lige^Sn? 

p.mI®**’"™ ShortKarcuit Testing Plant."EUctrieel 
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PROPOSALS FOR STANDARDIZED PERFORMANCE TESTS. 


Specification 


(i) Circuit breaker ( 1 ) A representative product erec- 
undertest - -• 


(ii) Rated voltage 


(iii) Recovery volt¬ 
age 


ted under its service condi¬ 
tions 

(2) Below '66 000 volts, test 3- 
phase and 2-phase circuit 
breakers as complete units on 
a 3-phase or 2-phase test cir¬ 
cuit respectively 

(3) At and above 66 000 volts, cir¬ 
cuit breakers may be tested as 
single-phase units 

The standard voltage at which 
the circuit breaker is rated 
(B.S.S. No. 116-1929, Clause 
47, Table I) 


80 per cent of the rated volt¬ 
age, at the instant of final 
current-break 


(iv) Restriking volt- Not specified numerically 
age 


(v) Making current 


(vi) Breaking cur¬ 
rent 


(vii) Frequency 


(viii) Power factor 


Peak value of the current in 
the first maj or half-cycle after 
the arcing-contacts make cir¬ 
cuit [B.S.S. No. 116^1929, 
Clause 72(i)] 

R.M.S. value of the current at 
the instant of separation of 
the arcing contacts [B.S.S. 
No. 116-1929, Clause 72(ii)] 

60 cycles per second [B.S.S. 
No. 116-1929> Clause 44(2)] 

0*1 lagging'"[B.S.S. No.; 116- 
1929, Clause 44(3)(i)], meas¬ 
ured at the instant of separa¬ 
tion of the arcing contacts j 


Interpretation 


The conditions^ specified imitate general practice in 
respect of circuit-breaker construction and permit 
the reproduction of the recovery voltages experienced 
in service at these rated voltages 


(a) The actual voltage of the test circuit may exceed 
the rated voltage for convenience or in order to 
obtain the specified recovery voltage 

(b) The voltage used to calculate performance shall be 
the rated voltage 

The recovery voltage shall be determined from the 
oscillograph record by taking the R.M.S. value of 
its normal-frequency alternating-current component 
extrapolated back to the point at which current is 
broken in the last phase to break. The specified 
value of 80 per cent is a minimum 

The restriking voltage exists as a transient at the , 
instant of arc extinction, and can only be measured 
by a cathode-ray oscillograph. These test-proposals ' 
do not include numerical values of the restriking 
voltage, but they implicitly control its order of 
I magnitude and oiker characteristics by the necessity 
for including in the test circuit definite values of 
inductance, capacitance, and resistance, to produce 
the specified standard conditions 

See B.S.S. No. 116^1929, Fig. 2, in which the peak 
making-current includes the direct-current com¬ 
ponent 


See B.S.S. No. 116-1929, Figs. 1 and 2, in which the 
R.M.S. breaking-current includes the direct-current 
component 


(a) The power factor of each phase of the test circuit; 
shall be the cosine of an angle ^ determined from the ! 
oscillograph records of that phase after superimpos¬ 
ing a continuation of the open-circuit voltage-wave 
on the short-circuit current-wave far enough to 
include the point at which contact separation 
occurs. The measurement shall be made as follows: 

(1) For syminetrical current-waves, ^ shall be the 
angular distance between the initial zero of the 
half-cycle of the current wave in which contact- 
separation occurs and the superimposed-voltage- 
wave zero immediately preceding that current- 
wave zero 

[continued on page Z20,2 
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PROPOSALS FOR STANDARDIZED PERFORMANCE TBSTS-^ontinued. 


(viii) Power factor 
{conU) 


I Specificatiott 

O-l lagging [B.S.S. No. 116- 
1929, Clause 44(3) (i)], meas¬ 
ured at the instant of separa¬ 
tion of the arcing-contacts 


(ix) Earthing 


(x) Short-circuit 


(1) Below 66 000 volts, insulate 
the neutral point on the sup¬ 
ply side of the test circuit 

(2) At^ and above 66 000 volts, 
solidly earth the neutral point 
on the supply side of the test 
circuit 


Interpretation 

(2) For symmetrical current-waves, 6 shall be the 
distance between the initial zero of the 
““Poiient of the half-cycle 
contact-separation 
supenmposed-voltage-wave zero 

fNote^ J preceding that current-wave zero 

measurement, the 
altematang-current component of the 
^ projected vertically to the 

(h\ Th» t supenmposed voltage-wave.) 

the ^ polyphase test-circuit shall 

the power factor before tests are 

w^re X tr T he used, 

tivelv short-circuit values respec- 

ciSt and the resistance of the test 

specified imitate British practice 


Connect solidly to earth each 
pole on one side of the com¬ 
plete circuit breaker or of the 
single-phase unit under test 


(xi) Testing equip¬ 
ment 


(xii) Operating duty 


(xiii) Test certificate 


(1) Below 3 300 volts, connect 
the circuit breaker to trans¬ 
forming plant 

(2) From 3 300 volts to 22 000 
volts, connect the circuit 
pl"^^^^ direct to generating 

(3) Above 22 000 volts, connect 
the circuit breaker to trans- I 
forming plant 


(1) Making capacity: 

No. 116- 

1929, Clauses 39 and 42) 

(2) Breaking capacity: 

No. 116- 

1929, Clauses 41 and 43) 

I A complete and precise record 
of the performance test, in¬ 
cluding the condition of the 
circuit breaker before the 
test, its behaviour during the 
test, a:Fid its condition after 
the test 


1 (a) The test circuit shall be so adjusted as to produce the 

- spewed stodard conditions of J^d Se 

5 short-circuit cuixent obtained froiTSe 
^u^ment shall be regulated to the reqS^ed 
by mcMs of a combination of resistant and reac' 
“ paraUel, with each other 
^or by varymg the field excitation of generating 

(6) Rotors reactors, or condensers, except those 

fnS^M ®Jiallnot be^sed 

in parallel with the circuit breaker 

specified imitate those usuallv 

applying m service at these voltages ^ 

and power factor, 
shall be made by means of either electromaenetic 
fA °®‘^o&raph elements ^ 

^PP^atas for measuring current shall consist 
of eith^ shunts or current temsfoimers inerted 2 
*^® apparatus used for measu^ 
volt^e shaU consist of voltage transformers s^f 
capadtative voltage-dividers 

^ test Md*th^circuit breaker under ’ 
test and the source of the short-circuit power shall 
be of the shortest possible length ^ “ 

it ^ »7 signifies make circuit 
signifies break circuit 
^ ®isuifi®® «« interval of 2 minutes 
„. „ ?^g™es continuity within a test cycle 
signifies a division between test cycles 

The test certificate shaU specificaUy state anv 
dep^es from the standard conditS ^d 
methods of interpretation, and shall indicate 
whether such departures increase or diminish ^he 
seventy as compared with the standard 
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mately 100 000 kVA on a short-circuit with normal 
conditions of tripping. On rare occasions, however, it 
might open on the first half-cycle of the short-circuit 
transient, and would then have to deal with a possible 
maximum of the order of 133 000 kVA. * A correct inter¬ 
pretation of the performance tests under standard con¬ 
ditions will indicate what standard rating a circuit 
breaker must have to ensure its suitability for this 
service. 

APPENDIX II. 

Some Short-Circuit Tests of Circuit Breakers. 

The breaking-capacity ratings assigned to. British 
! circuit breakers are based on standard breaking- 
capacity currents at given rated voltages in accordance 
, with B.S.S. No. 116-1929. A size to which such a 
rating is assigned has also, for convenience, a standard 
kVA rating, obtained by multiplying the standard 
current-breaking-capacity rating by the rated voltage 
and by the appropriate phase factor. For instance, a 
3-phase circuit breaker of a sizef and strength suit¬ 
able for a current-breaking capacity of 5200 amperes 
at 11 000 volts, or 8 800 amperes at 6 600 volts, is also 
known as a 100 000-kVA circuit breaker (Table IV, 
B.S.S, No. 116-1929). 

Short-circuit tests in Great Britain and abroad show 
that British circuit breakers perform consistently at and 
above the rated breakmg-capacity currents associated 
with the standard kVA allocated to them; and a few 
examples of a large number of 3-phase tests carried out 
with the aid of a British test plant are summarized in 
tabular form on pages 322-327. Typical oscillograms, 
representative of many repeat tests, are shown in Figs. 69 
to 74 (Plates 2, 3, and 4), and relate to Tests Nos. 103a, 
103b, 244a, 244b, 572,b and 601. 

The tests were carried out under the conditions of the 
standard circuit outlined in Appendix I, and the records 
were made with oscillograph apparatus of the standard 
electromagnetic t37pe. 

In the majority of the tests the recovery voltage was 
higher than the author's proposed standard condition of 
severity of 80 per cent; and in respect of operating duty 
some tests were more severe than the standard, and some 
less, as indicated in the operating-duty column. The 
values of the restriking voltage werfe not tabulated. The 
normal frequency of the test supply was 40 cycles per 
second. The performance of the circuit breakers was in 
all cases such as to show their entire suitability for their 
standard ratings. 

* It has been claimed on the Continent thatin the case of complete asymmetiy 
’ of current in an inductive circuit the restriking transient voltage is of sero value 
at the same time as the current. In such a hypothetical case the break is easy. 

; On these premises it is proposed that the direct>current component should he 
disregarded in calculating the performance kVA.. On the other hand, it must 
not he overlooked that amongst the factors apt to damage circuit biesUrers in 
action are the mechanical stress produced by electromagnetic forces and the rate 
of generation of the gas bubble, which tend to distort the constructionalmechan- 
ism; and these, together with burning of the arcing contacts, depend upon the 
ma^tudeof the resultant of the alternate-current and direct-current com¬ 
ponents, no matter what method of calculation is arbitrarily agreed upon. Hence 
the British practice, like the American, has been, and still is, to include the 
direct-current component. This is important in respect of the maximum of 
133 OOO kVA referred to here, because the excess over 100 000 kVA is due to the 
direct-current component; and if it is true that this may he disregarded (which 
has yet to be proved conclusively by comparative tests oh the basis of the stress 
produced in the enclosure and on the mecbanism), the circuit breaker selected 
seed not have a larger rating to deal with the contingency, 
t L. C. Grant: journal 1330, vol. €8, p. 1101, Table 9 and Fig. 25. 


APPENDIX III. 

Reactance versus Impedance Measurements for 
Distance Relays. 

When applying protection by means of time/distance 
relays of the time class to overhead transmission lines, it 
is of paramount importance to decide what quantity the 
relays should measure in order to provide time-dis¬ 
crimination proportional to the distance of the fault 
from the relay. Although, in general, correct discrimi¬ 
nation may be obtained for heavy earth or phase faults 
on overhead lines, and for cables, by the use of relays 
operating on an impedance measurement, nevertheless, 
on networks of the type of the 132 000-volt British grid, 
where it is as important to clear small earth-faults as 
the heavier ones, any time/distance relay protection 
must be designed fundamentally to meet this require¬ 
ment. There are three quantities associated with an 
earth-fault loop, namely, its resistance, its impedance, 
and its reactance, any one of which might on a first 
consideration be thought to be proportional to the length 
of the loop, and therefore suitable as a basis for the 
required measurement. Further consideration and 
investigation, however, show that the resistance of an 
earth-fault loop may vary in many ways, owing to the 
introduction into the circuit of external resistance, such 
as the contact resistance of earth plates, the variable 
resistance of the earth, the contact resistance between the 
conductor and earth in a broken line, and the resistance 
of the arcing fault itself, of which more is said below. It 
has also been shown by tests* carried out by the British 
Electrical Research Association that the reactance 
component of the earth-fault loop is reasonably constant. 

It will be proved in what follows that the arc resistance 
is variable, and by no means always negligible in amount; 
and since it is included in the total resistance of the 
earth-fault loop, the impedance of the loop contains a 
variable quantity that may make its value uncertain. 
The reactance of the loop, however, is not dependent 
upon the resistance; and therefore distance relays of the 
reactance type are not affected, but the operation and 
discrimination of impedance-type relays are directly 
affected. The seriousness of the effect of arcing faults 
on the operation of impedance-type relays depends upon 
the relation between the values of the resistance of the 
earth-return path and of the arcing fault and the 
reactance of the earth-fault loop. Since the latter 
quantity is usually small (approximately 1 ohm per mile 
of earth-fault loop on the 132 000-volt British grid), 
even a small resistance in the arcing fault has a consider¬ 
able effect upon the apparent impedance of the earth- 
fault loop. 

To determine the amount by which the resistance of 
an arc may affect the correct discrimination of distance 
relays, tests of power arcs in air, such as occur on over¬ 
head transmission lines, were carried out with the aid of 
a British test-plant. These tests, which are described 
below, indicate that the resistance of such arcs is a 
variable quantity, depending upon the length of the 
arc, the wind velocity, the time during which the arc 
persists, and the way by which the arc is drawn out. 
Of these factors, the duration of the arc is of particular 
♦ 1030, vol. 68, p. 867, 
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importance in view of the fact that the protective 
system itself is of the time class. Fig. 76 shows the 
diagram of connections, and is self-explanatory The 
»c was started by means of thin copper wire bridging 
the two porcelain insulators spaced 6 ft. apart, and the 
voltage across it was measured by means of a voltage 

Leads for 
measuring- 
arc voltage 

Resistance | ^ 

■ I ft AAAAAJ^AA A In - . I_ 


jCenerator 



11000/38000-volt 

power 

transformer 


132 000-volt I 
porcelain mshuntfor 
insulator I measuring 
Lllarc current 


Fig. 75.—Arrangement of plant for tests of power-arcs. 

^sformer. Both current and voltage were recorded 
by an oscillograpb. 

The tests were carried out on a calm day, and there 
WM therefore no undue spreading of the arc by wind 
which would tend to increase its resistance. The 
results are shown in four curves in Fig. 76, which give 
tte arc resistance with various currents after time- 
intervals of 0-22, 0-45. 0-67, and 0-90 second from the 
start of the arc. Broadly speaking, the arc resistance 


One of the results of the 132 000-volt British grid will 
be that generating plant found to be unnecessary will 
be shut down during periods of ofi-peak load, and there¬ 
fore a fundamental requirement of any time/distance 
type of protection must be to discriminate correctly 
under such off-peak-load conditions when an earth fault 
occurs at some distance from a generating station. A 
stady of these conditions indicates that fault currents 
of the order of 600 amperes are likely to be experienced 
On the basis of the curve in Fig. 76 for 0 • 67 sec., which is 
^en as bemg less than the operating time required by 
the relay at the f^ end of the feeder, this means that 
the resistance is of the order of 10 ohms. If as is 
possible, the fault occurs on a 16-mile 132 000-volt line 
which has of itself a total earth-fault-loop reactance of 
about 15 ohms, the effect is to give an impedance-tyne 
relay a falsely related time-delay. The arc resistSS 
contmues to mcrease, and after 0-90 sec. reaches a value 
Of 16 ohms. The process is thus cumulative; and it 
must be remembered that the values given have to be 
mCTe^d by adding the total earth-plate resistance 
which may be as much as 4 ohms. Thus, should the 
assumed fault occur, say. 12 miles along the 15-mile 
Ime. the impedance of the earth-fault loop, excludine 
the arc resistance, will be about 14 ohms (about 12 ohms 
rea^nce and about 3 ohms line resistance, plus about 



arc-fault current increases, and increases 
_ 1h increasing length and with increasing time. As was 
La behaviour of the arc was erratic, 

^d It IS difficult to forecast the probable variation of 

fault in actual practice, 
resistance values shown in Fig. 76 were deter- 
liiS v ^®3^'^«Preseiit the minimum values 

. ^ ex:^enced in service, and will suffice to 

llu^ate how the desired discrimination is not neces- 
relays ^^ all conditions by impedance-type 


^tead of adijustmg their time-delay to this value, will: 
falsely adjust it to an impedance of about 26 ohms 
(about 12 ohms reactanceand about 3 ohms line resistance 
plus about 16 ohms axe resistance, plus about 4 ohms 
earth-plate resistance). This is equivalent to the indica- 
taon of a fault nearly 100 per cent too far away; and 
the shorter ^e line the greater will be the falsifying 
influence of the arc resistance. 

_ Smee the arc resistance diminishes with increasing i 
fault-currents, it is under conditions causing very heavy i 
fault-currents to flow that impedance-type relays give i 
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their most correct discrimination. On the other hand, 
reactance-t37pe relays discriminate correctly, irrespective 
of the magnitude of the fault current, or of the value 
of the resistance introduced into the fault loop by earth- 
path or arc resistance. 

APPENDIX IV. 

The Safeguarding of Post-Office Pilots Associated 
WITH Power Networks. 

(i) Conditions to he Met. —^Post-Office pairs or channels 
of communication may be associated with high-voltage 
- power-lines as pilot wires either for automatic power-line 
protective systems, or for remote control and indication 
of meter readings. Investigation shows that it is neces¬ 
sary to guard against the following two causes of possible 
danger to Post-Of&ce pilot wires and the apparatus con¬ 
nected to them (see Fig. 58 on page 313):— 

(1) Failure of the high-voltage insulation between the 

power line and the secondary wiring associated 
with the Post-Office pilots; for example, the 
current transformer. 

(2) Momentary rise in potential to earth of the 

secondary wiring and apparatus connected to the 
pilot wires as a result of an earth fault on the 
high-voltage power system. 

The first of these is very unlikely to occur in practice, 
but if it does it imposes very severe stress on the pro¬ 
tective gear, control equipment, or other apparatus 
connected to the Post-Office pilot wires. The second 
state, however, exists every time an earth-fault occurs 
on the high-voltage power system; but, unlike the first, 
it imposes comparatively little severity on the apparatus 
connected to the Post-Office pilot wires. The rises in 
potential to earth that can occur are of the order of a 
few thousand volts, depending upon the value of the 
power fault-current and the impedance offered to it by 
\ the earth-return path. The various conditions under 
which such potential-rises can occur are not dealt with in 
I detail here. 

{ii) Provision for Safety. —^Theprecautionsforsafetymust 
in every case take into account the two causes of possible 
danger just described; but it may be convenient to con¬ 
sider them in relation to the two common conditions in 
practice of association between the equipment con¬ 
nected to a power network and that connected to Post- 
OffiLce pilot wires: (a) the association may be all within 
a building or site constituting a generating or trans¬ 
forming station; or (6) the association may be within a 
building, such as an isolated control room, in which it 
only occurs because a connection to the power net¬ 
work enters for the usual purposes of electricity 
supply. 

Fig. 58 shows diagrammatically the precautions proved 
to be adequate for ensuring the safety of protective or 
control apparatus utilizing Post-Office equipment asso¬ 
ciated under condition («) with current transformers 
housed in the switchgear controlling a high-voltage 
line. 

The primary safeguard was found in the use of an 
earthing device incorporated in the high-voltage switch- 
gear and connected to the secondary wiring and the 


station earth-plate. The object of this is two-fold: 
First, it ensures that the power-line protective gear 
automatically isolates the high-voltage power line should 
the insulation of the current transformer fail, and, 
secondly, it reduces the voltage imposed on the secondary 
wiring, which might otherwise be the full voltage of the 
power line, to merely the voltage-drop across the 
spark-gap. 

A second requisite safeguard was found to lie in the 
termination and separate earthing of the sheath of the 
Post-Office pilot wires at least 50 yards away from the 
earth plate associated with the high-voltage switchgear 
controlling the power line. The object of this is to 
prevent the lead sheath of the pilot wires from being 
subjected to undue voltage-rise when an earth-fault 
current is passing through the station earth-plate. In 
I addition, the pfiot wires themselves are protected quite 
independently by means of standard Post-Office over¬ 
voltage and heat-coil devices connected to the pilot 
earth. 

Additional security has been obtained by adopting 
either the physical-separation method or the sepa- 
rated-circuit method of arranging the protective, 
control, or other apparatus, associated with the secondary 
wiring of the high-voltage power-line on the one side, 
and with the Post-Office pilots on the other. '' Physical 
separationis shown on the left-hand side of Fig. 58 
and a ''separated circuit'' on the right-hand side. 
Either method provides additional security, and the 
choice between them is governed by consideration of 
which is the easier of the two to apply to the particular 
type of apparatus employed. 

Under condition (6), the precautions necessary to 
prevent control-apparatus, situated, for example, in an 
isolated control room, from being subjected to earth 
voltage-rises caused by faults on the power-network 
have been found to be that the lighting or power-supply 
cables should have their lead sheaths and armourings 
separately earthed at least 50 yards from the control 
room, the supply being taken .into the building 
through insulated cables, and that the sheath of the 
pilot wires should be terminated and earthed, and the 
pilot wires protected, in the same way as under 
condition {a). 

(in) Pressure-Tests.-T-lt has been agreed by the parties 
concerned that the secondary wiring associated with the 
power line, and the secondary wiring associated with the 
Post-Office pilot wires, must be physically separated, 
and must be capable of withstanding the following 
tests:— 

Momentarily For 2 minutes 

For power lines above 33 000 

volts .. .. .. 15 000 volts 5 000 volts- 

For power lines of 33 000 

volts and under .. .. 3 750 volts 1 250 volts 

Insulated enclosures must withstand 3 750 volts to 
earth momentarily, and 1 260 volts for 2 minutes; and 
all apparatus must withstand 2 000 volts for 1 minute 
between live metal parts and their enclosure. 

(iv) Safety Afforded. —Fig. 58 shows that, before the 
Post-Office protective device is called upon to function 
and to protect the Post-Office pilots in the ordinary way, 





insulation failure must take place. 

f S t ^iT the earthed enclosure. 

enSsure 

i¥2forlf?^®^ breakdown due to rises in voltage to earth 

effiS<J'’of th??f'7^ establish the 

If safety precautions were carried out-with 

Sctionstefef con. 

SndSon? rf ^ ^^spresent actual service 

tert? s^rifi J cotnpUed with the pressure 

SSuXtr^h^ designed 

especiaily for the purpose were used. 

A senes of tests was made to determine whether a 

momentary voltage of any appreciable magnitude existed | 
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ma^eTfit ^ case 

marked B m the separated circuit shown in Pi? 58 

A neon lamp and a photographic plate were used^as a 

means of detecting the existence of any such voltage 

*v® transformer was baxed^in 

one place, so that when 19 000 volts to earth was applied 

2tworiTtS^T^'^^^ ^ Odo^^olt 

SrS applied practically instan- 

SZZ Wft ®®““dary wiring of the cuireL trans¬ 
former. With currents of the order of 1 760 amneres 

^ 3-phase power of 100 000 kVA 
^ indicated on the photo- 

SSi£t to that the relay was 

t subject to any over-voltage stress. The spar£gaos 

vS.'Zt “™”’ ““ “« 

*®®*® carried out indicated that subiect 
to the tatog of adequate precautions, Post-Office piirs 
or channels of communication can be used with complete 
safety m assoaation with high-voltage power lines. ^ 


Discussiont before The Institution, 25th February, 1932 . 


Mr. W. A. Coates: I should like to refer to a method 
wii* 1. .„t ^ ihT^^ 

and’it difers^^ A.E.G. company in 1912, 

and It differs from the anther's arrangement shown u( 



Pig. A. 


^yiyLpiugSkSSrSvtX StiSL''! 

J^lopm^t of this arrangeSnfis Say 
one of London's big power stations. In t^Se 


t busbar is in U formation and runs right round thA 

A^ve are oil chambers carrying the isolating device and 
he circuit ^aker with which it is linked. This system 
1 M MO volB, tot, ™lft. tt. Jr.!gS 

flUed for purposes of insulation; they are oracticaHv 

V» -ly oil 

m the ^tch itseH; everywhere else the conductors are 

bSS? ® A?on .^PP^®*^ ® condenser 

L^g. The 66 000-voIt circuit breaker ^'•mnlnYrA/i 

SSn’^!^ nS’ T covers the jimetion 

uroiX T? msulator and the switch 

^ excellent example of 

btsbarfan^f? “'J^ation suggested in the papeJ; the 
busbars and the various pieces of apparatus^ all 
mdicat^ m clear glass, behind which there are thrS 

me circmt is ahve, or dead, or that the apparatus is 

Z^bfe f- ^ P-P-^tory si^^fSins 

available for the operator. I should like to m^yA . few 

rem^ks about Appendix land B.S.S. No. 116 British 

Srft^s intended for practical use, 

iL necessary to abandon the strictly 

saentific m the interests of simpUcity and ready com- 
p^hemion. The circuit-hieake? s^dficatSn/'BB” 
No. 116 IS a m pomt. Whereas the supply engineer i 
he c^imlate what his short-circuit current will t 

hfe ^® tbe probable recovery voltage on 

s system is a complex business depending upJi an t 
^ous number of variables. Cemsequitfy^ fe ' 

logical and pmc^cal for him to wish to purchase a circuit 

basis of 100 per cent Lov^ vS^^ " 

on the ba^ of system voltage.- When it comes to the 
actual test osefflograms. the difliculty 

S:San+^-^ T ^ «covery voltage in t2 
test Pla^t. It IS often impossible to do anything of 










AUTOMATIC PROTECTION, AND REMOTE CONTROL: DISCUSSION. 


331 


sort, and allowance must then be made for variations 
from the desired figure. Unfortunately, so far nobody 
is in a position to state precisely what allowance must 
be made for a given departure from a recovery voltage 
of 100 per cent. We know that in general a high recovery 
..i voltage will impose a greater stress on a circuit breaker 
‘ithan a low recovery voltage. Within the last year or 
two we have realized that a high rate of rise of recovery 
. voltage is probably the more important thing, but the 
; jonly available apparatus for measuring rates of rise—^the 
;/ /cathode-ray oscillograph—is not a test-room device. It 
can only be used by highly-trained laboratory assistants 
and even they have yet to develop a common technique, 
for two men never get exactly the same results from the 
same instrument. The author showed in one of his 
slides that during tests the recovery voltage may vary 
with such factors as the position of the earth connection 
on the system, and whether field forcing has been used 
to get heavy currents. I suggest that as a practical way 
, of making B.S.S. No. 116 serve our present purposes, all 
j that is necessary is to define recovery voltage. For this 
: definition I propose that we should take the mean of the 
R.M.S. value of the first two half-cycles following arc 
extinction in all three phases, or, alternatively, the line 
voltage, whichever is the lower. This practical definir 
tion will serve until we are able to present a more com¬ 
pletely scientific basis for oscillogram interpretation. I 
should like to comment on the author's suggestions for 
the future. First of all, with regard to the table on 
page 319, surely it is more reasonable to state that any 
circuit breaker, irrespective of voltage, provided it has a 
single tank per phase and a separated top casting, can 
be tested single-phase, and equally that any circuit 
breaker which shares the air space at the top between 
the three phases must have all its three poles connected 
when under test. I do not think a voltage limitation is 
I the right way of covering the point. I disagree with 
I the author's suggestion that we should call for a definite 
; recovery voltage. He suggests a figure of 80 per cent, 

: but states that any other value would suit. I think it 
; is far better and far more logical to work back in such 
/ a manner that all the figures that are required for com¬ 
puting the results of tests can be read direct from the 
oscillograph. As we cannot always obtain 100 per cent 
recovery voltage, it is up to us to find out for the British 
Standards Institution the basis on which oscillograms 
can be interpreted, so that it will he possible for all 
circuit breakers to be compared. I do not think, how¬ 
ever, that it will be done by having a standard voltage- 
recovery figure. 

^ {Communicated}*. When a testing plant is employed 
j it is impossible to predict accurately what the recovery 
I voltage will be, and trial and error must be resorted to 
I if it is desired to get a particular value* Moreover> if 
; the British Standard Specification called for a definite 
figure^ it would automatically preclude the use of field 
tests except under very unusual conditions. The in- 
elusion in a standard specification of the restiiking 
U jVoltage, of which the rate of rise rather than the ampli- 
'|:ude is the important factor; must awaitthe completion of 
• a considerable amount of research and the development 
of the cathode-ray oscillograph as a test-room instru-: 
ment. It is surprisihg to leam from page 320 that the 


British practice is to insulate the neutral point below 
66 kV, and more so to see that it is usual to generate 
direct from 3 300 to 22 000 volts. I doubt whether 
this could be called “ standard " practice, even on the 
North-East Coast. Practical considerations of machine 
and transformer design alone probably control the 
question of earthing or insulating the neutral of the 
source of supply. So far as star windings are practicable 
the neutral should, of course, be earthed if one is attempt¬ 
ing to reproduce ordinary working conditions. In addi¬ 
tion to the author's proposals for standard tests, it is 
essential to set up standards for pressure and travel 
recorders. A lot of new ground has to be broken before 
a complete revision of B.S.S. No. 116 will be possible, 
and it is to be hoped that the author's rather bold fore¬ 
cast will not have the effect of holding up the minor but 
essential changes to the 1929 edition of that specification 
which are contemplated at present. 

Mr. S. Ferguson: With regard to Fig. 38, I believe 
this record was made with a Collins micro-indicator, and 
I should like to know what power was being ruptured 
when it was taken and what was the rupturing rating 
of the breaker. Would the author be in favour of 
allowing purchasers to examine the curves of perform¬ 
ance of the circuit breakers offered by manufacturers, 
in order to enable them to make their selection more 
intelligently? With reference to the tests recorded on 
page 322, I should like to ask the author what was his 
experience with the 100 000-kVA breaker, records of 
which are given, when it was rupturing powers within 
its rating. All the tests shown were made above its 
rating, and any defects in performance can obviously be 
excused on that basis, but I note that at 133 per cent 
of the normal rating the tank became badly damaged 
and the top plate slightly distorted. What is the maxi¬ 
mum kVA rupturing capacity the author would advocate 
for direct-operated circuit breakers? I notice that the 
rather important items of arc length, pressure developed, 
and rate of rise of recovery voltage on the testing plant, 
are omitted from the test records. Are these omissions 
intentional? My next point refers to Fig. 38: although 
the author states that the tank is designed for 150 lb. 
per sq. in., no factor of safety is given. The impulse 
pressure was 950 Ih. per sq. in., but there is no proof, of 
course, that this figure was safe. I should like to 
correct the impression, which is nevertheless prevalent, 
about the danger to busbars involved by the vertical 
type of switchgear. In order to settle, the question we 
have actually carried out rupturing tests on a complete 
vertical equipment up to nearly 1000 000 kVA, and, 
although a very large number of shots " were made, in 
no case was there any stress on the busbars. We know 
that when rupturing tests are being carried out the 
circuit breaker has a tendency to jump, but in the vertical 
type of gear stops are provided to take the direct thrust 
of such upward movement. As regards the horizontal 
type, in a rupturing test where a complete unit was 
tested to destruction the cantilever stress due to the 
tilting of the circuit breaker actually threw the busbars 
out of position. I disagree that a definite static pressure 
can be laid down for each tank, corresponding to a certain 
ruptimng capacity, without reference to the design of 
circuit breaker. It is a question not only of rupturing 
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capaaty but also of the design. Among the thousands 
of rapturing tests which we have carried out on the 
modem round-tank circuit-breaker, in no case has a 
pressure of 360 lb. per sq. in. been exceeded. The 
I^essures which we have measured are very much lower 
ae figures shown in Fig. 38. I cannot understand 
the statement (page 302): " Closing on short-circuit is 
irermps so rare that in the past it has not been required 
of cncuit breakers in standard specifications.’’ Although 
an engineer does not always specify it, if he says he 
wants^a certain rapturing capacity he infers, I tbmir 
T based on the cycle laid down by the 

British Standards Institution, which involves the 
closing of the circuit breaker on the short-circuit. On 
p^e 302 the author states: "The problems of the 
cmcuit breaker may not be entirely solved by the use 
Tk . arcing contacts." I, however, believe 

toat they will be so solved. There has been more 
development m this direction in the last year than there 
: been m the previous 20 years. We have obtained 

d-efimte proof that,, employing the same outside dimen- 
I sions of an ordinary plain circuit-breaker, we can double 


Amperes (R.M.S.) interrupted 
8000 16000 _^OOO 



450 000 kVAat H 500 volts 
225000 300000 375000 

kVA at 7250 volts 

Fig. B. 


tte rupturmg capacity by the provision of arc-control 
{ features. I a^ee with Mr. Coates that the rate of rise 
recovery voltage should be specified in the standard 
i.^rfomance tests, because that factor may double 
s^stress on ^ circuit breaker. In America there 

about the differences 
operation on the factory testing 
ptot and m the field. It was not understood why a 

® greier 

. morat of power m the field than on the test plant, 

' for 2 1- The rLon 

for this difference has been definitely found to be the 
rate of nse of recovery voltage; as we now know the 
l^rataonjf the ^cuit breaker involves a race bet^veen 
^ ^ voltage and the rate of rise 

of el^tnc strength of the space between the electrodes. 

with numerous cables connected 
to the busbar, the rate of rise of recovery voltage is slow 

alters the ratmg m the ratio 2 :1 cannot be ignored and 
supply en^^s have the satisfaction of kiSiing that 
^T^circuit breaker wHch has proved its ZLSg 

on to s^em®* ^ ^ oTsafety 

the neufoal ■^M° “°'‘ Ta'Vour rupturing tests with 
arthed, as an earthed neutral greatly 


s reheves to stresses. We are testing circuit breakers to 
e destruction in order to find to weakest point, remedying 

a It, again testing to destruction, and so on. Evidence of 
e the enormous forces that are Uberated inside an oil 
r circuit-breaker was provided in one of our tests when 
i a channel beam of 3 in. x If in. cross-section was bent 
s up to a deflection of 3 in., and the oil was shot up like ' 

1 a piston from the arc bubble. A weight of about 1-7 

1 tons apphed at to centre of the beam is necessary in 
?k^® X * X ^ bend like to one actually produced in 
. tlus test. Hilliard, referring to a circuit breaker of this 

: f m’ ^ben it is rupturing power at its 

. fuU ratmg it develops as much energy as would be 

It wn ^ 1,1 iT ei^losion of 1 lb. of sporting explosive. 
It would be useful if the Electrical Research Associa- 
tion would investigate this question with a view to to 
^ssibihty of testmg circuit-breaker structures with a 
definite amount of gunpowder. Fig. B indicates the 
pressures developed when rupturing definite powers on 
o circuit-breaker at 14 600 volts 

' ofto maximum pressure recorded was 

0 lb. per sq. m., and the instrument used was sufifi- 
T 1 J to indicate the impulse pressure. I 

sh^ld like to stress the absolute necessity of routine 
testing of tanks and structures. 

^ Mr. A. R. Blandford: Fig. 21 shows some switchgear 

“ 0P®^g tbe way 
I do fogher rupturing capacity. 

because circuit breakers have been 
constocted with ratings up to 2J million kVA at 33 kV 
and toy could just as easily he made to operate at 
volt^es up to 66 kV. The circuit breakers town in 

kVA -i ^derhung type, and I think 2f milhon 

kVA IS about the highest capacity to which one would 
^ to go TOth an underhung tank. It may be that I 
have mKunderstood the paper, however, and that to 

Fia 26rwvS^/®^®"f”! ^ ^ ®bown in 

:„5’ w^ch depends for its success upon mechanical 

interlocks fixed to the circuit breaker. Such interlocks 
yery prone to derangement, in view of the 
mecl^cal forces set up when rapturing. It 
would be difficult to rapture charging cnrreto suLss- 

™®i^j “ T'ig. 21, and it 

might be ctod upon to do this. I should imag ir^A the 

design has ^en produced mainly with to idea of saving 
I spa^, an idea which can be over-emphasized where 
outdoor s^tchgear is concerned. For indoor switch¬ 
er, +’ “ important because of the 

cost of buildmgs. The advantages of our present outdoor 
^tchgear are: it is accessible, allows of extensions 
^mg really made, and reduces to a minimum the time • 
of shut-doira should it develop a fault. Totally-enclosed 
switogear is less accessible, and involves shut-downs of 
much toger duration in the event of the circuit breaker 
givmg trouble. With regard to the question of phase 
separation I should like to ask whether the author 
th^s it desirable even on the smallest types of cir¬ 
cuit breakers—rated at 76 000 to 100 000 kVA—-to 
obtam complete phase separation in to tank rather than 
have common-tank circuit bieakfets. By a " common- 
tark circmt breaker " I mean one yhare to air space 
Md perhaps some of to oil are comm(^ to all the phases. 

I am pleased to see (page 293) that the>uthor mcludes . 
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., the “ expansion switch in the air-blast category. On 
page 301 it is stated that when selecting a circuit breaker 
one should allow a safety margin on the rupturing 
capacity. Is the author prepared, even assuming we 
come to some definite decision about the interpretation 
of rupturing capacity, to state what he considers that 
margin should be? I agree with him that greater pre¬ 
cision is required with regard both to the testing of oil 
circuit-breakers and to the interpretation of the tests. 
Unfortunately he lapses into the old haphazard way of 
glossing over the vital few micro-seconds after the zero 
^ in which the arc is extinguished. As regards the term 
j; ‘^recovery vc^ I prefer to call it “^resteed phase 
i voltage,*' and I would point out that it is of normal 
j frequency. What I consider to be the recovery voltage 
is the high-frequency rapidly-rising overshooting voltage 
that occurs across the contacts of the circuit breaker 
immediately after the zero in which the arc is extin¬ 
guished, and this is controlled by the characteristics of 
the circuit. To a very large extent the controlling 
factor is self-capacitance, as was mentioned by Mr. 
Ferguson. The frequency of the recovery voltage is very 
important. I do not understand Mr. Ferguson's ratio 
of 2 : 1. in this connection, because oscillograms which I 
have studied show that the circuit breaker is not affected 
by the normal-frequency voltage whilst it is rupturing. 
The rbcovery voltage is the only one which affects the 
circuit breaker at this time. It is easy to understand 
that as the circuit-breaker contacts are opening, current 
ceases to flow in the arc at each current zero. The par¬ 
ticular current zero at which the arc is extinguished 
depends upon whether the voltage at the current zero 
rises sufficiently fast to break down the electric strength 
of the arc path; if it rises rapidly enough the arc is kept 
floating. The action of rupturing, therefore, resolves 
itself into a race between the rate of rise of recovery 
voltage and the rate of recovery of the electric strength 
of the arc path. The author suggests in Appendix I 
that we should have a standard circuit but take no 
notice of this recovery voltage; in other words, he wishes 
to rate the circuit breaker on the normal-frequency 
voltage. I do not understand why, if we have a standard 
circuit, standard capacitance, standard characteristics 
of generator, standard reactance, standard resistance, 
and an almost constant frequency, the rate of rise of 
recovery voltage should not be regarded as one of the 
standard test conditions. The oscillograms shown in 
the paper give no indication of the self-capacitance or the 
characteristics of the author's standard circuit, nor does 
he ofler any information regarding the high-frequency 
voltage to which I have referred. I think we shall have 
i to adopt a standard circuit, as the author suggests, but 
a record will have to be made both of this standard 
circuit and of the recovery voltage. I agree with Mr. 
Coates that the latter Will have to be recorded by means 
^ of the cathode-ray oscillograph. All we need to be sure 
about is that when the test circuit has been accurately 
standardized, a circuit breaker which passes the test 
will stand up to the worst conditions of recovery voltage 
which it will meet with in practice. 


Mr. W. R. Cox: Referring to Fig. 58, which illustrates 
methods of safeguarding telephone systems, it seems 
to me to be of great importance that the spark-gaps 
referred to for what we may call initial" protection 
(e.g. protection against breakdown of a current trans¬ 
former) should be placed as near as possible to the 
current transformer. If it is any considerable distance 
away, the damage which is done by such a breakdown 
will spread to other control circuits, and is almost 
certain to get through, by other channels, to the Post 
Of&ce equipment. I mention this point because in many 
cases it is somewhat difficult to add these spark-gaps 
after the design has been settled. Referring to system 
control, it seems to be present-day practice to concen¬ 
trate indications at a central point, whence by means of 
telegraphs or telephones the control engineer directs 
the carrying-out of various operations in remote power 
stations or substations. For this purpose a supervisory 
system is installed, which is often so designed that a 
slight addition will convert it from an indicating system 
into a true control system. This change will effect a 
great saving of time and will probably lead to fewer 
operating mistakes. Developments of this kind ought 
to be put in hand in the near future, as the capital 
outlay will be comparatively small and the advantages 
gained considerable. On page 316 the author refers 
to two types of remote-control gear, one the " super¬ 
visory control" gear which is based upon the telephone- 
relay type of apparatus, and the other the centro- 
visory control" gear which has been developed along 
separate lines. The former bias many advantages over 
the latter. In the first place, it is more flexible, secondly 
it is very much quicker in operation, and thirdly the 
t37pe of control board developed for the centrovisory 
system seems to me to be rather clumsy owing to the 
fact that the indicating lamps and indications generally 
are in circular form. Finally, I wish to refer to the 
application of supervisory switchgear to circuits of very 
much smaller power. If a large power system is to 
be useful, a very large number of secondary circuits of 
lower voltage and lower power must be employed. These 
all need a certain amount of control, and in this con¬ 
nection a simple and inexpensive form of supervisory 
gear is very useful. At least one such system has been 
developed using two pilot wires which can be looped 
in tandem into at least 30 stations, and can control 10 
separate operations in each station. These operations 
can be telephony, switch opening and closing, metering, 
and initiation of tap changes for voltage variation or 
load distribution, or the control of induction regulators 
(which serve very much the same purpose as tap-changing 
gear). The time is now ripe for these small schemes to 
be considered seriously, bearing in mind that we hope 
to increase the use of the " grid" by the extension of 
the lower-voltage transmission systems, thus making 
electric power available to a larger number of con¬ 
sumers. 

) [This discussion was adjourned until the 3rd March 
(see page 334).] 
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Adjourned Discussion before The Institution, 3rd March, 1932. 


Mr. E, B. Wedmore: In the paper* on this subject 
which I read before the Institution 14 years ago I 
suggested that wherever supply depended on any one 
busbar, that busbar should be duplicated. Although 
my suggestion was at that tune regarded by some as 
extravag^t, I notice that in the designs now set before 
us there is ample provision of duplicate busbars. How¬ 
ever, I am still uneasy about the proximity of the main 
and ^temative busbars in many of these designs. At 
onetoe I was entirely opposed to the use of such con- 
centeted types of switchgear in important power 
station, not because the resultant economy was not 
g^d m Itself, but on account of the great engineeiing 
Jfficulties of developing such a design in a sufficiently 
rehable form. The experience of the last 14 years, how¬ 
ever, has shown that such apparatus can be made to 

stations. In 

^veral of the desi^ shown, and particularly those 
here the main circuit-breaker is duplicated there 
' “ inserting a substantial wall 

^ obtaining much more 

isolafaon at a very small additional cost and 
httie addifaonal space. Where the voltage is high 
of IS better justified owing to the reductiL 

insulators necessary, these being a 
ly costly part of the complete structure. In 1918 

TmoT®^® f >ise of reactances to limit Se 

mount of power with which the switchgear had to deal 
glided iffiat manufacturers were able to 

that 4ne 

obt^g m service. Mr. Ferguson and others are 
doubtful whether aU the circuit breakers now on the 

I a«2 up to their ratings, and 

of SrSSv w?®^f tl^®re is an element 

1 uncer^ty which we should try to remove I am 

StX co^nlf “ 

for system. The necessary six insulators 

^ ^ considerable margin 

Manufart^ma ®°®* — remainder of the straSnire. 

wS s^uT Pliable 

•y^s, Wfiich shall be more uniform in ooeratrnn a„.i 

Sge sWt ^ ®°f fo provide ' 

i?S>S^?"®® ^fl^fa^ding Mgh explosive W , 
strurture confine such forces in a small , 

parte as to ® breaker and so arrange the ] 


b times the present rupturing capacity without any in- 
: crease in the present dimensions. Most manufacturers 

1 are faced with the difficult task of proving and develop¬ 
ing the new types of circuit breakers that the market 
requires. Many tests under working conditions arc 
necessary, and these tests can only be made where 
heavy plant of adequate capacity is continuously avail¬ 
able. The Electrical Research Association has been 
advocating the provision of such plant in this country 
for general use since 1924. We realized at that date 
that the situation with which we are now faced was 
bound to arise. British engineers have to produce their 
own new designs of circuit breakers to compete with 
the new types now being prepared for the market in 
all parts of the world. This matter is of equal impor- 
tan^ to the supply industry, because the buyer desires 
to have an assurance from some independent authority 
as to the performance of the circuit breakers which he 
desires to purchase. As regards the type of test to be 
employed, it will not be sufficient merely to have agree¬ 
ment betwMn the buyer and seller as to the nature of 
tte test. We must be satisfied that the test is sound 
Tummg to the oscillograms shown in Figs. 60 
to 74 (Plates 2, 3, and 4), there is one feature as to the 
mteipretataon of which there is no general agreement. 
i reier to the phenomenon of the recovery voltage which 
appeare m tte several phases during 2 or 3 half-cycles 
after the^uit is broken. This depends mainly on 
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plicated than the impedance type, and I feel that one 
. ■ should give very careful consideration to the question 
of simplicity before embarking upon any of these 
■I.theoretically more perfect schemes. Turning to the 
pilot-wire type of protective gear, there is a statement 
on page 310 that the author's split-pilot system is pro¬ 
vided with a tuning arrangement to prevent incorrect 
operation on the abnormal frequencies. Although it 

- ; has been supposed that some cases of incorrect operation 
ll of the older Merz-Price type of protection were due to 
!: abnormal frequencies at times of short-circuit on some 

other part of the system, I would suggest that probably 
;:the cause was not so much an abnormal frequency as 
•ithe fact that the short-circuit current in its earlier 
stages is of an asymmetric nature and gives rise to 
1 unidirectional impulses. It is practically impossible to 

- balance these out in current transformers, and any 
'protective gear which utilizes an electromagnetic relay 
may be subject to operation from d.c. impulses. In the 
Translay gear, for which I am responsible, the relay is 
;Of the induction type and is therefore immune from 
operation on direct currents. It is probably for this 
reason that the Translay relay has been so successful 
under very onerous conditions, and perhaps the tuning 
condenser which the author has introduced also by¬ 
passes these d.c. impulses. In any case, the acid test 
of immunity from incorrect operation must be the test 
of service. The type of protective system shown in 
Fig. 56, in which a high-frequency carrier current is 
injected into the .circuit cables, is being tried on a single 
section of the British grid." The author places a 
rejector at each end of the phase to transmit this high- 
frequency current, and it occurs to me that it will be 
necessary to put rejectors in all three phases if this 
carrier current is to be applied to more than one section 
of the network. The electrostatic capacitance coupling 

j|i between the phase in use and the other phases will 
j | probably transmit the high-frequency current through to 
! the other sections, and cause operation of the locking 
i I' devices when they are not required to operate. It 
‘ • would be of interest to know whether the author has 
considered the possibility of this, and whether he con¬ 
siders such a scheme capable, without the addition of 
such rejectors, of being applied to several sections of 
the same network. Carrier-current protection suffers 
I from the disadvantage that a comparatively complicated 
I apparatus incorporating a hot-cathode valve has to be 

I employed. The fact that the hot-cathode valve has 
• rouly a limited life also necessitates relying on the human 

; ^element to replace it, and although signals may be given 
nwhen a valve is bumed-out it is not alwrays convenient 
j;to have attendants on the spot to notice the signals 
pl^and replace the valves. On page 299 the author sug- 
‘ gests the use of a condenser coupling instead of a potential 
: ; transformer for measuring the potential, and states that 
lithe condenser coupling is more reliable iian the tran 

II former. I do not agree, because I feel sure that a g^od 
||modem potential transformer with its windings so 
^ , designed as to equalize capacitance stresses wHl be in 

every way as reliable as a condenser couphng. In th^ 
first part of this discussion Mr. Cox raised the question 
of supervisory control systems, and mentioned that the 
new method for which the author has coined the name 
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of " Centrovisory " control is less flexible than a system 
using the standard telephone apparatus. In my opinion 
the automatic telephone apparatus is now extremely 
reliable, and to substitute for it something which is 
less flexible is a very doubtful advantage. Supervisory 
control can only give of its best if it is introduced in the 
form of a mimic diagram, and centrovisorjr control does 
not lend itself so easily to such a diagram as does the 
automatic telephone apparatus. The latter has the 
advantage that it is already being manufactured by 
mass-production methods. 

Mr. J. R. Wilkinson: The first point I should like 
to take up is the comparison in the paper between the 
horizontal and vertical types of isolation in switchgear. 
Figs. 24a and 24b do not afford a true comparison. In 
the vertical type there are two independent circuit 
j breakers, whereas the horizontal gear has only one 
circuit breaker with oil-immersed selector switches, and 
this does not give the same scope or range of operation. 
The vertical arrangement has an advantage in that the 
number of insulators is reduced. Mr. Wedmore remarked 
that he was rather concerned about the extreme proxi¬ 
mity of the two sets of busbars, and in this connection 
again the vertical gear is the better because it does not 
involve placing the busbars one above the other, as in 
the normal horizontal construction. My next point 
refers to metal-clad switchgear having internal isolation 
in the circuit breaker (Fig. 16). The author indicates 
that this may have some advantages as compared with 
the orthodox type of vertical isolation, but it seems to 
me there aire two very considerable disadvantages. In 
the first place, every time the circuit breaker is plugged 
on to the busbars six joints have to be made in the 
top plate. These joints must be gas- and oil-tight under 
a pressure of several hundred pounds per square inch 
when the circuit breaker is functioning under short- 
circuit conditions, and it is very difficult to make a 
joint of that description simply by winding the hushing 
up against the top plate. The second serious disadvan¬ 
tage is in case of damage to the circuit breaker under 
short-circuit .conditions. The first slide which I propose 
to exhibit shows the effect of explosive forces produced 
under short-circuit conditions on a circuit breaker which 
had been tested to destruction. In this case the stout 
channel-iron beam just under the top plate has been 
bent upwards by the force of the oil, and to do this 
requires a force of about 2 tons. If the isolating mechan¬ 
ism is inside the circuit-breaker tank, a deflection of 
the members caused by the explosive forces may prevent 
the station engineer from isolating the circuit breaker 
from the busbars. My second slide, taken from a 
cinematograph film, shows an old-type rectangular-tank 
circuit-breaker at the moment of bursting under short- 
circuit stresses. It emphasizes the absolute necessity, 
both for the sake of the safety of the operator and for 
that of the continuity of supply on adjacent circuits, 
of the outer carcase of the circuit breaker being one 
of the strongest points in its construction. Con¬ 
siderations of this kind have led to the development of 
the circular with a domed top plate and dish* 
bottom : if this construction is adopted and the other 
features are carefully designed, the carcase of the 
circuit breaker is found to be one of its strongest portions. 
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All the damage is then confined to the inside of the 
circuit breaker, instead of spreading to adjacent circuits 
or injuring the operators. 

Mr. B. H. Leeson: Some years ago I carried out a 
series of explosion tests in a large dug-out to ascertain 
the ability of circuit breakers to withstand the pressures 
set up within their enclosures during the process of 
breaking short-circuits. It was thought at that time 
that the pressures developed would consist of an initial 
impulse pressure of high value associated with a sustained 
pressure of much lower value, and for this reason each 
explosive charge consisted of a blend of high-explosive j 
and ordinaiy gunpowder. The number of charges ex¬ 
ploded within an enclosure was increased on each succes¬ 
sive test until destruction occurred. The pressures were 
recorded by devices similar to those used to record explo¬ 
sive pressures in gunneryresearch, and impulse pressures 
as high as 5 000 lb. per sq. in. were utilized. The metal 


(see Fig, C). With reference to (a), the specified rated 
voltage, making current, breaking current, power factor, 
and recovery voltage at normal frequency, can be 
Obtained by suitable adjustments of the generator field, 
reactors, and resistors, so as to impose the desired 
normal-frequency duty upon the circuit breaker. Witli 
reference to (b), the duty imposed upon the circuit 
breaker by the severity of the rate of rise of re.strilving 
voltage is dependent upon the natural oscillatoiy fre¬ 
quencies of the test circuit and the normal-freqtiency 
recovery-voltage. When testing a large circuit breaker 
for use in service in close proximity to generating jilant, 
the connections between the circuit breaker and the 
source of the short-circuit power at the test plant should 
be of the shortest possible length, so as to ensure a higli 
rate of rise of restriking voltage. When testing a small 
circuit breaker, a larger amount of reactance must of 
necessity be included in the test circuit to reduce the 
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nonnal-frequency short-circuit current to the desired 
amount, wrto the result that the natural oscillatorrie 
quency, and with it the rate of rise of restriking voltage 

SS to2Suir""“"' self-caplciS 

Of tbe test circuit remain virtually constant. The order 
of variation m the rate of rise of the restriking voltage 
(in volts per microsecond) is shown by Fig. D,^in which 
the four ordmates are arbitrary and are intendlH 
represent circmt breakers of four different ratings used 
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! required is the standardization of a range of rates of rise 
of restriking voltage for various values of short-circuit 
; currents, and not the standardization of a universal 
rate of rise of restriking voltage, which, if low enough 
to be suitable for a small circuit breaker, would be 
absurdly easy for larger circuit breakers, and conversely, 
if high enough to be suitable for a large circuit breaker, 
would be physically impossible to obtain in tests of 
smaller circuit breakers. In my opinion the author's 
Proposals for Standardized Performance Tests" do 
legislate for the required range of rates of rise of re¬ 
striking voltage (see Fig. D), because his conditions 
implicitly control the order of magnitude of the restriking 
voltage under different service conditions by reason of 
the necessity for including in the test circuit (Fig. C) 
definite values of inductance and resistance to comply 
with the specified standard conditioris corresponding to 
the size or rating and use of a circuit breaker in service. 


§ 3000 


Large 

circuit* breaker 


Test severity 
Service •• 



1 2 3 It etc. 

Fig. D.—Restriking voltage severity-diagram, illustrating:— 

(a) Ranges of test severity and service severity, which are inherently dependent 

upon values of short-circuit current. 

(b) The reduction in severity of service conditions as compared with test 

conditions. 

and by reason of the small self-capacitances of the test 
circuit remaining virtually constant in value and appro- 
i priate for the large circuit breaker. Another fact which 
/ Fig. D is intended to illustrate and which is legislated 
/ for in the author’s proposals (Appendix I) is that the 
severity of the standard test circuit is automatically 
greater than that of the conditions of service it is intended 
to represent. For example, a large 3-phase circuit 
f breaker of a voltage rating below 66 000 volts would 
i be tested with the generator neutral of the test circuit 
insulated, which would give a normal-frequency recovery 
?\i'voltage across the poles of the circuit breaker on the 
/first phase to break 50 per ceiit greater than if the 
I: neutral point of the generator were solidly earthed, and 
/ would result in a restriking voltage of the order shown 
;; by the black band on Ordinate 1. In service, however, 
there are two primary easements^ The first arises from 
/ the usual practice of earthing the generating plant 
I through a comparatively low resistance, which gives 
la much lower recovery voltage bn the. first phase to 
{break; and the second lies in the greater eleclxbstatic 
; capacitance of the length of cable or overhead line 
/between the circuit breaker and the source of. power 


and that of the network as a whole, as compared with 
the small self-capacitance of the test circuit. The rate 
of rise of restriking voltage for the conditions of service 
is therefore lower than that of the corresponding test 
conditions, and its order of magnitude is shown by the 
band with section lines on Ordinate 1. Similar ease¬ 
ments apply to the small circuit-breaker rating of 
Ordinate 4, but they are more pronounced because of 
the greatly improved power factor and the further 
reduction in the rate of rise of restriking voltage pro¬ 
duced by the capacitance, inductance, and resistance, 
of the comparatively long cables or overhead lines con- . 
necting the small circuit breaker to the source of larger 
power supply. In service, the small circuit breaker is 
likely to be subjected to a normal-frequency recovery 
voltage in excess of the minimum of 80 per cent specified 
by the author; hut here again a similar increase would 
automatically result on the test circuit because of the 
small amount of power taken from the generating plant 
in proportion to what it is capable of developing for 
testing the large circuit-breaker ratings. Research is 
required to determine the numerical values of the rate 
of rise of restriking voltages that exist at different points 
on t 3 q>ical supply networks under varying conditions, i 
with the object of standardizing a minimum range of | 
numerical values of restriking voltage under which to j 
carry out standard performance tests. Although some 
research is in progress, it is likely to be many years before 
this object is attained. This important study also in¬ 
cludes investigations of the degree to which the behaviour 
of different types of circuit-breaker constructions is 
affected by different rates of rise of restriking voltage. 
In my opinion it is premature at this stage of progress 
to include numerical values for restriking voltage in any , 
proposals for standardized performance-tests. I would ( 
therefore make a plea for the early adoption of the ; 
author’s proposals, which specify conditions of severity , 
for the test circuit well in excess of the corresponding!! 
conditions of severity in service, and in this practical!' 
way form the much-needed standard by which circuit 
breakers may be judged. 

Mr. J. P. Cranmer: I am surprised to find that the | 
paper makes no reference to the multi-break contact oil j 
circuit-breaker, and 1 should like to know whether i 
mention of it is omitted because its performance has | 
not come up to expectations. Passing to the question 
of busbar capacity, I am glad to see that the author 
gives some current-density figures (page 301), because 
one has considerable difficulty.in impressing on some,,, 
people the necessity of running at these low densities 1 
when the current rating of the busbar exceeds 2 000 or ; 
3 000 amperes. Referring to Fig. 76, I presume the 
author has in mind the arc on a 132-kV line, and I do 
not quite, see why an arcing distance of 6 ft. is taken 
there. I should have thought a more practical distance 
would have been the length over a string of insulators 
(about 42 in.); this would make a big difference to the 
arc resistance. Moreover, the fact that the curve is 
based on low current values makes it a little misleading, 
because on 132-kV protective gear the minimum operating 
current would in any case be of the order of 200 amperes. 
If only higher values than this were employed in plotting 
the curve, the sharp bend at 200 amperes would be 
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eliminated. Reducing the arc resistance in the ratio 
; of 6 ft. to 42 in. shows that although the arc resistance 
. d<^s affect the impedance type of protective gear its 
! influence is not so important as theoretical considerations 
would lead us to expect. This point, combined with the 
more robust construction of the impedance relay, should 
be <»nsidered in a comparison of the two types of pro- 
:j tective gear. On page 299 the author advocates the use 
of capacitance transformers rather than the ordinary 
potential transformers. In- a large number of the shut¬ 
downs caused by incorrect operation of protective gear 
ae trouble is due not to the high-tension apparatus 

but to Its associated low-tension equipment. Far greater 

. care is usually given to the high-tension apparatus than 
I to the insulation or design of the secondary connections 
I Md apparatus, and this is where the capacitance bushing 
jis at a disadvantage as compared with the ordinary 
j potential transforms. Our present design of potential 
mansformer is as reliable as the capacitance transformer: 

I me forms has the advantage that it involves no con- 
■ densers and smoothing arrangements to complicate the 
;; secondary circuit and cause trouble under service con- 
/ditions. Furthermore, the potential transformer has the 
i greater output and accuracy. 

Mr. S. C. Bartholomew; I wish to refer to a matter 
which IS dealt -with on page 313 and also in Appendix IV 
namely the steps to be taken where Post Office lines are 
used for the subsidiary service associated with power- 
cncmt operations. The author indicates that the 
shea^g of the telephone cables should not come 
mthm 60 yards of the power station, and should he 
separately earthed there, these precautions being neces- 
s^ owing to the potential gradient which is set up on 
tm occurrence of faults on the power system. I should 
hke to toow how this figure of 60 yards was arrived at, 
and I should welcome details of the tests which have 
apparently been carried out by the author and those 
Msociated with him. I notice that the word " station ” 

IS used : a “ station ” may be a very extensive building, 
md perhaps " station earth-connection ” is intended. 

A factor of some importance may be the presence of 
gas and water pipes and the metallic sheathings of power 
mbles. Is it not likely that in certain circumstances 
these pipes and cable sheaths may form an indirect and 
undesuable connection with the station earth-plates 
and so extend the danger area? We have had trouble 
TOffi Post Office cables and circuits that might be attri- 
buted to this rise of potential gradient on the occurrence 
of farffis at power stations. In some cases, particularly 
in distncffi where a great deal of trouble from lightning 
occurs, the protective devices on the telephone circuits 
tove opera,ted, and cables leading into a power station 
have actually been burned through in the ground, the 
lead sheathmg being melted. There has, however, always 
been some difficulty in ascertaining whether the trouble 
oo the power circuit or could be 
at^uted directly to %htning. It is possible that the 
^ fault on the power circuit, and ■ 
ttat thM m turn caused damage to the telephone plant 
A coaadexation of all the relevant facts, howeverT sug- 
ge^ ffiat the cause of the trouble has been the rise of 
^tioi^ ® ^ ■the neighbourhood of the power 


Mr. J. F. Shipley: I should like to refer to the 
operation of a telephone system installed directly beneath 
the 33-kV power lines of an extensive transmission net¬ 
work m the tropics, where lightning occurs every after- 
^on from 1 p.m. to 6 p.m. for 6 months in the year, 
^e telephone system is of great importance owing to 
the necessity of avoiding the effect of sudden floods 
and stoppages on the mining plants connected to the 
ne^rk. It is protected by drainage coils, transformers, 
hghtmng arrestors, vacuuin gaps, and fuses, and with 
it we have been able to maintain permanent and clear 
communication during, and in spite of, the lightning 
Even if—as has already happened—a 33-kV power line' 
falls on to the telephone line while men are speaking 
no harm^ results beyond the blowing of a fuse. We 
have trained the native linesmen to be prepared to 
replace the fuse at'once in the event of an interruption 
A careful record is kept of all faults, hut contrary to 
e^ctation these have been exceedingly few in number 
Were the system unprotected an earth fault on the 
network would, ovting to the Hgh specific resistance of 
the earth, give rise to high voltages on the telephone 
hne which might injure the apparatus and cause shock 
to ffie operators. We have experienced some insecurity 
ovrag to our relay batteries being of the 'alkaline type. 
The electrolyte has to be renewed annually, and this 
has made us consider very seriously whether we shall 
iM^ such batteries in future. Even our white engineers 
^though they are told to put special electrolyte into 
these cells, fill them up with acid! 

Mr. W. A. Crocker; I am disappointed that nos: 
figures are given in the paper which would help the * 
power engineer or purchaser of switchgear to decide ' 

I how to allow for the effects of power factor and recovery ^ 
voltage. Assuming a power factor of 0-6 and a calcu- ‘ 
lated short-circuit kVA of 300 000 on a 100 000-kVA 
s^tem, is the author able to state the breaking capacity ‘' 
of the switchgear required ? Can the factor of 2 to sl 
refe^d to by Mr. Ferguson for test results compared 
mth field results be applied in such a case I I think it is 
time that breaking-capacity tests were undertaken by 
^ mdependent antbority, as a great many." mushroom " 
firms are now marketing switchgear and the purchaser 
cannot decide from the technical data whether it is 
pro^rly designed. I agree with the author as to fhe 
advisability of earthing cables through the switch, hut 
I would point out that operating staffs need help in this 
procedure. So long as it takes several minutes to apply 
the earthmg device, and until it can he done with safeW 
op^tang engineers will neglect this precaution. Mani 
facturers have not paid sufficient attention to this 
i^iany cases it is dangerous to apply the 
earthmg devi^, as in order to do so it is necessary to 
uncover the isolating-contact orifices and presume the 
con^ts to he dead. In one instance which occurred 
TOthm the last 2 years it was considered satisfactory by 
tte manufacturer to remove the circuit breaker from 
Its rack by means of a truck in order to apply the earthing 

device. I should like to stress the need for simplicity 
m switchgear, because delays often arise when several 
manufacturers’ switchgear is used on one system and 
ttree or four interlocks of different iypes are incorporated 
meach.' ■ ■ . ■ 
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Mr. J. W. Rissik: From the author’s statements on 
pages 292 and 2931 gather that he regards the expansion 
switch as a particular type of air-blast circuit-breaker. 
I do not think this view is correct: the expansion switch 
is different from the air-blast circuit-breaker in that it 
is the only switch in which the gas generated by the arc 
is subsequently expanded adiabatically. In the ordinary 
air-blast circuit-breaker a blast of air is merely trained 
- on to the arc in order to scatter it. In the expansion 
I circuit-breaker the arc is struck under water, and when 
the two contacts separate the steam which is formed 
cannot escape from the expansion"chamber; but as soon 
as the contacts draw apart still further the pressure is 
suddenly released and the steam expands adiabatically, 
with the result that a very rapid temperature-drop takes 
place in the superheated steam, which immediately 
condenses. It can be shown that iwhen an arc is ruptured 
in a saturated vapour the gases are rapidly de-ionized, 
so that there is no tendency for the arc to restrike. The 
free adiabatic expansion causes such a rapid temperature- 
drop that de-ionization occurs before the recovery 
; voltage has time to reach a value high enough to restrike 
the arc. 

Mr. E. O. Taylor: The principle underlying all the 
circuit breakers which have been described in the paper 
and by speakers in the discussion is to build them in 
such a way that they will withstand any explosion that 
may occur as the result of the liberation of the arc 
energy. It seems to me that a better way of approaching 
the subject is to do as the last speaker suggested, and 
de-ionize the gas between the contacts, thus preventing 
the arc from re-igniting after it has gone out at the end 
of the first half-cycle. The expansion switch and one 
or two of the circuit breakers mentioned by the author 
^, are based on this idea, I should like to ask whether it 
|is possible to use the grid-control rectifier as a switch. 
*fThis device makes it possible to prevent the arc from 
; ■ re-igniting after the end of a half-cycle, and with a little 
j modification it might be made suitable for use as a 
i i switch. In this connection, the grid-control rectifier 
and various other pieces of apparatus are being developed 
with a view to utilizing high-tension direct current for 
transmission. Have the manufacturers considered the 
question of switching high-voltage direct currents, or 
would all switching have to be done on the low-voltage 
side ? 

Mr. P. F. Grove: I should like to point out that 
there is a difierence between rectangular-tank and round- 
tank circuit-breakers, in that it has hitherto been under¬ 
stood, at any rate in the earlier square-tank designs, 
that there ought to be definite separation of phases 
where three phases are in one tank, and for that purpose 
steel barriers have been interposed between the phases. 
In the case of the round-tank circuit-breaker definite 
welded-in partitions between the phases are unsuitable, 
owing, I believe, to the unequal distribution of oil 
volume and bad distribution of stresses. Is the design 
of the round-tank circuit-breaker such that the pressures 
in it are equalized and barriers therefore become urx- 
necessary ? On putting switchgear into service it is often 
found that moisture in the oil has found its way to the 
bottom of chambers, oiier than the oil s^tch^^^^ to 
and formed a small pool of water which has seriously 


decreased the clearances of certain insulators. Manu¬ 
facturers should therefore take special precautions to 
allow for moisture being drawn off from the bottom of 
such chambers. It might be advocated that works tests 
should be carried out with oil of low electric strength. 
Generally speaking, works tests are carried out with 
oil of the highest electric strength, and it might serve 
a useful purpose for the designers to make a test using 
oil of 20-kV electric strength. The use of fibrous materials 
inside circuit breakers may result in fibres mixing with 
the oil, and if moisture is present the resultant oil will 
tend to break down far more easily than if mixed only 
with colloidal carbon, which has up to the present been 
regarded as one of the most common causes of the break¬ 
down of oil, owing to the difficulty of its extraction. It 
is further of interest to note that there is considerable 
danger in using semi-fluid compound fillings owing to 
the difficulty of ensuring sufidcient freedom from moisture 
and fibres. 

Mr. W. E. Highfield: The breakdown of switches 
may be divided into two classes, those in which there is 
a total destruction and those in which the damage can 
he repaired in a reasonable time. In my opinion minor 
mechanical faults occur far too frequently. Switchgear 
has become so large and the mechanical forces involved 
so considerable that the mechanical parts are similar 
in design to those associated with the old low-speed 
engine. Twenty or thirty years ago we had a fine body 
of firms able to produce designs that would work con- 
tinously without breakdown; the Lancashire mill engine 
and the marine engine were of this type. The operating 
gear of a Corliss engine involves mechanical devices 
very similar to the operating mechanism of an oil switch, 
wifibi the exception that whereas the engine gear worked 
continuously the switch mechanism .must be able to 
work at any moment between long rests. I think that 
greater attention should be paid to making the mechan¬ 
ism between the first point of mechanical movement 
and the mechanism in the tank, completely immune 
from failure. 

\pommumcated): paper makes clear the high 

efficiency to which the design of the oil circuit-breaker 
has been brought. It is interesting to recall the days 
of the air-break switch, barely thirty years ago, when 
shift engineers were usually equipped with a short piece 
of leather belting to swat ” out the arc. Although the 
types of circuit breakers mentioned in the paper differ 
in various ways, they have one mechanical feature in 
common, namely, that the switch is thrown out by a 
spring which is compressed by a full-power solenoid. 
This fact is rather surprising in view of the many 
mechanical methods that exist for producing quick 
movement of parts, e.g. hydraulic and compressed-air 
systems. I should have thought that hydraulic move¬ 
ment would certainly have been explored, since the 
medium of oil is already present. There are few mechani¬ 
cal devices more sure in action than the hydraulic ram, 
which is simple to control, robust, and capable of with¬ 
standing severe weather conditions. Compressed air is 
widely used in railway work for the operation of points 
and contactors of all sorts, and it has been proved to be 
thoroughly robust and reliable. A good argument 
against the use of hydraulic or air systems is that there 
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are already sufficient services on a substation. On the 
Z that large and costly switches 

coniroltog important suppUes are far too often put out of 
^ryice by minor mechanical defects makes an improved 
dKi^ imperative. Having made a suggestion that 
might seem to imply more complication, I must now 
plead for sunplicity and low cost. As the field of electric 
supply extends, the supply authority has to go further 
afield to obtam additional load and has to spend more 
^d more capital to reach it. There is a definite limit 
to ffie economies that can be gained by increased 
efficiency of generation and transmission, and it is a 
moot pomt whether we do not now invest too much 
cap^ in equipment for obtaining improved efficiency, 
n cheaper electocity is to be supplied one of the widest 
fields for gain is in the reduction of capital cost. The 

^ electricity is 

ttot of (^tnbution, but considerable economies could 
also be efliected by a reduction in the cost of maVin g a 
connection to the high-tension lines. A relief in this 
^echon would be of immense assistance to the national 
grid ^tem. It could only be achieved by a reduc¬ 
tion m the cost of switchgear. I should imagine that I 
ratoer more than half the net cost of a large oil switch 
goes to pay for the material, the rest being assigned to 
charges. By far the largest 
" bushing insulators in 

■1,W moment this is the only 

i Item that ofers possibilities to the scientist and engineer 

The economy to be acMeved 
this dmection is, however, not large. Any considerable 

connection must 
^ sought m a different method of appUcation 
of switchgear, and there is a possibility in this direction 
ff advantage can be taken of the reactance of the trans- 

between the high-tension 
I raise this point in order to 
clear the desirability of reducing the switchgear 
breakmg-capacity after the high-tension connecton. 
ic ^ switch at the high-tension connection 

tirtWfT, 4 ^^ secondary 

^e of the transformer may be of | milUon kVA capacity. 

e -want some safe method of connecting to this circuit 
a system with switchgear of only 60 000 kVA capacity 

down capital costs ^ 
^haps not received all the attention it deserves. Instead 
TO have tended to raise the standard of low-capacity 
mtchgear. Confusion will ensue if this path is piusued 
1 ^^^ more and more small systems desire to 1^ linked ! 
up with larger systems, and they must be so linked up ' 
“ “® “^bonal syst®m is to have fuU scope. , 

(communicated): The paper is : 
re^ttably laciMg m information with regard to the i 

momenta which are incoiporated in modem metal- e 

W y®^ ^® g®Jierally appreciated t 

tot taat the integnty and intelligent use of instruments n 
^ have a marked beneficial effect upon the internal I 
SS*" worl^ of a supply undertaking, and secondly e 
^t the metermg m consumers’ premises safeguards the n 
toe undertaker. A low-tender metering ti 
K may through lost revenue ai 

^ ^om the cursory way re 

which the author deals with the subject of tranSrmCT tc 


lie accessibility (page 290) it is obvious that he does not 
es regard the maintenance and life of the instrument 
of ^sformers as of particular moment. It has yet to 
sd be shown, however, that transformers remain un- 
it ^®tod no matter how they are mounted. Moreover 
w doubts occasionally arise as the result of disputed 
ic accounts and through ageing of the equipment; in such 
5r ^es, for the purpose of complete practical assurance, 
:e the performance should be checked. In addition, ratio 

It checks every 10 years axe advantageous. Sometimes it 

d IS possible to isolate a set of current transformers and 

a test them by means- of a neighbouring low-voltage 

h source. Agam, temporary current transformers may 
r be ins^^ elsewhere in the circuit. In other cases 

!t the potential transformer may be tested with a port- 

e able potential transformer by direct access to its 
s pnm^ fuses or power-transformer terminals; or the 
i chambers may be withdrawn and taken to testing head- 

1 qua^s Cubicle and truck-type switchgear is not old- 

s fashioned, at least as regards accessibility. Makers do 
1 not appear to appreciate the necessity for thorough 
- tests of metering equipment both before it leaves the 
works ^d on erection. Much expense and delay 
t would be avoided if all primary and secondary fuses 
. were made accessible. Wherever possible, the use of 
piug connections should be avoided, 

Mr. H. Trencham (communicated): In examining 
the numerous suggested switchgear arrangements to 

t a ^ “"“^ber of 

attempted innovations for which the only justification 

desne to do something differently. In 
rjl'a, certainly a step forward to have 

rendered current transformers more readily accessible. 

A thoroughly satisfactory arrangement for potential 
tr^formem, however, is not so easUy found. A feature 
which would be^ appreciated, especially in the export 
mmket, would be an easier method of arranging for 
extensions or modifications. It is possible to attach 
too much importance to the weight of the circuit- 
bre^CT umt when considering the question of isolating 
toe latter by mpvmg it from contact with the busbars, 
ihe smttopar engineer is a little slow in taking advan- 
tage for his own purposes, of the wonderful flexibility 
of the power which he controls. The actual power 
wnsninption necessary for carrying out isolating opera¬ 
tions electrically would be small, and it is surely no 
disgr^ to make use of electric motors for this purpose. 
Simphcity IS the guiding factor in the matter of isolaW. 

importance to toe actual 
visibihty of toe isolating process, and in this respect 
movement of the circuit-breaker unit—whether Ifori- 
! zontal orjertical-is simple. An isolating and eaxto- 
mg switch was provided in the first 132-kV oil-filled 
enclosed switchgear system, but it was also specified 
that the isolator unit should be made suitable for com¬ 
plete withdrawal on plug-and-socket contacts. I do 
not adv^te such duplication, and it was probably 
employed solely as a precautionary measure on what was 
really a pie^ of bold pioneering work. The author’s 
treatment of oil circuit-breaker operation is very brief 
and d^ not do full justice to the advances which have 

rec®ntly taken place. I have lately noticed a tendency 
to cnticize toe British switchgear engineer for not 
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offering such devices as gas-blast and expansion circuit 
breakers. In a recent article* I have attempted to sum 
up the pros and cons of recent developments in a.c. 
circuit-breaking, and to prove that the improved oil 
'" circuit-breaker is still the best answer to our own par- 
»> ticnlar circuit-breaking problems. In this connection 
fHic T should have welcomed greater stress on the importance 
5 of “ arc control in short-circuit interruption, instead 
f jof the mere separation of arcing contacts. In reference 
\ to recovery voltage, care is necessary to avoid confusion 
between its amount and its rate of growth, the latter 
being often a more troublesome factor than the former. 
It is in this respect that an isolated test plant may be 
found to stress a circuit breaker more severely than 
do system conditions. I should like to correct an asser¬ 
tion regarding explosion pots which is made at the 
bottom of page 291. f The use of an explosion chamber 
I of insulating material applies to certain conditions only, 
and the steel pot is still retained for many applications. 
I support the suggestion (page 301) that breaking 
capacity and voltage should be correlated, and I would 
advocate going further than the author suggests where 
, high breaking capacity is dealt with. A reason for this 
is provided on page 303, in that owing to the enormous 
i currents involved at low voltages the stresses set up in 
I forcing a circuit breaker to close on a fault reach im- 
j practicable figures, and ordinary closing mechanisms 
are generally unsuitable. To trip free as soon as contact 
is made also demands much more robust arcing contacts 
than are usually provided, in view of the time involved. 
The most rational solution is the use of as high a voltage 
as possible for heavy power control. Under the heading 
“Saving Switchgear“ (page 303), the author touches 
upon distribution economy as exemplified in the Ameri¬ 
can solid distribution network. The case mentioned is 
that of dense load areas, but the principles employed 
therein have also been applied a stage higher up—to 
what are called “ secondary “ networks—^with results 
calculated to effect remarkable savings. Followed to its 
logical conclusion, the scheme would do away with dis¬ 
tribution substations and their attendant switchgear as 
we know them to-day, and substitute a standard 6- 
circuit-breaker switctdng unit of constant size and 
breaking capacity for all systems. The effect of such a 
measure of standardization is difficult to imagine. I 
believe there are great possibilities for development in 
the field of remote and automatic control. Some time 
ago I had to deal with the problem of the totalisator, and 
the experience gained during its development strongly 
impressed me with the benefits which might accrue from 
a closer connection between switchgear and communica¬ 
tion engineers, because it is only a short step between 
communication problems and those of remote control. 

Mr. W. Wilson : There are two points 

to which I should like to refer, namely busbars and 
protection. The former is given considerable attention 
on page 295 and in Fig. 28, which shows a special 
arrangement designed to reduce the heating experienced 
with closely-spaced a.c. busbars. While there is no 
doubt that the type illustrated will give much better 
results than the usual laminated pattern, I am not 

I ♦ ** Alternating-Current Circuit-Breakers,** Engineering^ 1932, vpl. 133, p. 224, 
ft Since corrected for the 


satisfied that it is the best form. The dif&culties attend-j 
ing the design of a.c. busbars are due to the unequal; 
distribution of current in the various parts of the con¬ 
ductor owing to skin or edge effect and proximity effect,; 
and the special difficulty with metal-clad gear is the great 
increase of proximity effect owing to the necessarily 
reduced spacing between the conductors of the various 
phases. So serious have these joint effects become that 
it is impossible with the ordinary design of busbars to 
pass a greater current than about 3 000 amperes at 
spacings of about 1 ft. without an excessive rise of tem¬ 
perature, however many additional laminations are 
introduced in the usual parallel-strip arrangement. 


—f-©A 
15" 



Phase A 


Fig. E.—Relative distribution of 50-cycle alternating current 
in the uppermost busbar (phase A) of the 3-phase arrange¬ 
ment indicated in the small figure. The current densities 
on the outer and inner surfaces of the tubular bar em¬ 
ployed are shown by the curves. 

Although the cross-section of copper is thus increased, 
the a.c. effects cause the current to crowd to the out¬ 
lying portions of each phase conductor and also to those 
nearest the other phase conductors, the remaining portions 
of the busbar cainying only a small amount of current, 
and that at a very bad power factor. These effects are 
illustrated in Figs. E and F, giving the results of tests 
in which currents of 4 000 and 3 OOO amperes respectively 
at 50 cycles per sec. have been passed through 3-phase 
conductors. Fig, E shows the distribution of current 
in the upper one of three copper tubes each having an 
-external diameter of in. and a thickness of | in., 
arranged as shown in the small sketch. The current 
density has been measured round both the outside and 
the inside of the upper busbar at intervals of 16®, and its 
relative magnitude is represented by ordinates at each 
point. It is of interest that the heights of the ordinates. 
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Th \ ^ost exactly on circles. 

The skin effect is shown by the much greater magnitude 
: ot tte cun-ent at each point outside the conductor than 
a^ct measurement shows that the current on 
tte outeide surface averages 2-33 times the current ou 
tte inside. Proximity effect is indicated by the much 
greater height of the ordinates towards the other two 

2-27 times as long as 
those farthest from them inside the busbar as weU as 
outade. The diagram illustrates graphicaUy the sur- 
pnsmg unevenness of current dfetribution even with such 
moderate spacings as those shown. The best methods of 
effect are first to give the conductor as 
s^mnetacd a shape as possible, and secondly to con¬ 
struct It all m one piece, so that the portions which are 
Koducmg less heat will receive some by conduction from 
the hotter portion and so assist in the process of heat 


A B 




distribution of 50-cycle alternating current 
box-type busbarlpaStog 
3 000 amperes. The current densities on the ouSr anf 

C) aw show^ 

I ^pa,tion. Of the various busbar designs, the tubular 
^fonn IS obviously the most symmetrical, while the 
■^Immated porfaon is probably the least satisfactory from 
,t^ present pomt of view. The shape shown in Pig. 28 
which IS almost identical with that illustrated in Fig p’ 
approximates to the tubular, and at first sight nright 
appear to possess its advantages. The current-distriL- 

tte It will be seen that the distribution does 

not v^ uniformly round the periphery of the “ box " 
bhbe, but behaves almost as though 
the busbars were not arranged in a ring, in that the i 
current «owds towards the edges. In this ease the 
cunent distnbution plotted is that of the lowest of 
ae three conductors, and the marked manner in which 
tte current crowds into the top strip of the set and to the 
upper edges of the vertical strips is well shown. While 
that this arrangement is much superior 
^sual parallel-plate type, since there are no 
s^dwiched between others and thus rendered 
almost entir^y useless, it suffers from two defects as 
c^pared with a tube. The first is that the outside 
® W phase C, is doing very little 


s. omitted without affecting the efficiency of the conductor 
le v^ much. Secondly, the conductor is in four separate 
» pieces and thus the heat from the strip at the higher 

!n ^ conducted to the others, which 

woffid then serve as additional cooling surfaces. This 
■h is tte more unfortunate in that the inside strip is the 
hottest, whrie the comparatively idle one is that nearest 
the eternal atmosphere. As regards protection, British. 
- "Within recent years trended too much in 

■- tte dir^tion of copying methods produced abroad, and 
h m p^icular has departed too far from the original 
't prmciple of instantaneous protection, in favour of 
torei^ meffiods securing discrimination by means of a 
^ time-lag The fuU disadvantages of this change have 
e not yet been e^erienced in this country, since up to 
1 the present we have had no large interconnected systems 
TOth comparatively long transmission lines between 
rt!”; conditions are coming, however, and since 

through faults depends 
upon the ability of the protective gear to isolate the fault 
before the two ends of the line have had time to get out 
of syncffio^m to the critical extent, it will probably 
be found that we shall be compelled to return to instan- ' 
teneous methods before'satisfactory working is possible 
In this connection I should like to refer to the case of 
an important transmission Une in America* which was ^ 
on^mlly equipped with the usual type of protection j 
time-lag discrimination. During i 
®i?l working, there were four faults! ! 

^h of which (^used the generators to fall out of step i 

caicitt^*^^^^* 1**^® 000-kW i 

^pac%. The relays were therefore changed for “ high- i 

speed models, while the inherent time-lag of the' 
circuit breakers was also much reduced by the substitu-- 
aa unproved pattern. During 1931, the year' 
occarred which caused^ ' 

^ability in addition to three others which were cleared: 

trouble 

balanced parallel-feeder protection was added. This is 

Sn changes that have had to be made ,' 

ithm the last 3 years in foreign practice through the !! 

'^“*® ®' and it confirms the author’s i 

opinion regardmg the necessity of rapid actkm for ^ 

al^vf hL^ ‘^ 1 ®’^’ ®'^’ "“'i®^gronnd cables, it should '' 
riways be used, smce it combines sensitivity, discrimina-; 
fron, ^d ins^taneous tripping. The difficulty that ' 
has ^isen within the last few years is that it is toprac-' 
frcabk to support pUot wires upon widely spaced towers 
and tteir use is thus attended by great ^Sise mS 
It IS decided that this expense is not justified, a type of 

£g to ^®.®Iiosen which depends upon^me- ' 

lag to^toe least possible extent, and in this connection i 
V „ signal-current ” methods described on pages 310, ! 
to 313 seem to offer an interesting solution. tL carrier ' 
^rrent nmt^d appears to be aaound one, and it^Sil 

^^tob^opeful. TheKapp-Carrothe^scheJ^JS.^ 

^similar tj^ and should also meet the conditions ' 
pilot cable employed with this scheme can be used 
for tolephony at the same time as for protective g2 
without any form of switching, the two functions^not 

Gonortg. 
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'qinterfering with each other in the slightest. The author 
■ does not do the McColl system full justice in his reference 
q on page 310. Besides securing stability on the occur- 
l rence of through faults by bias opposition on the tripping 
i relay, it is so arranged that the pilot capacitance- 
current and the other vagabond and harmful currents 
all pass through the restraining coil of the relay and 
hence stabilize the scheme, instead of tending to make 
it trip. Thus, without the tuning arrangement or other 
added complications of the schemes mentioned later in 
the paper, this one is quite unaffected by the usual 
capacitance currents in pilot or feeder, or hy high- 


frequency surges. The author makes but a passing 
reference to parallel-feeder protection, although he 
mentions the split-conductor type, which differs in 
principle from the former only in that both conductors 
are isolated when one of them breaks down. I should 
like'to ask his opinion as to whether it would, not be 
cheaper in the long run to employ double-circuit lines 
as a standard and protect them by the parallel-feeder 
method, on account of the high speed and efi&ciency of 
this form of protection. 

[The author's reply to this discussion will be found on 
page 351.] 


North-Eastern Centre, at Newcastle, 22nd-February, 1932. 


Mr. F. C. Winfield: I should like to comment on 
one or two of the forms of metal-clad switchgear dealt 
with in Section 2, I consider that Type le (Fig. 6) 
and Type 2e (Fig. 11) are definitely bad designs. If the 
term duplicate busbar" has any real meaning in 
practice it is surely wrong to lead both busbars directly 
into a common explosion chamber, which is precisely 
what these designs do. Types Ic and 2c su0er from a 
similar objection in that 'both busbars may be fouled 
by a breakdown of the oil insulation in the selector 
isolator tank, due to moisture or other causes. This is 
particularly so if these selectors are used for changing- 
over under load conditions. T 3 pe 3^;, in which two 
independent selectors are housed in separate tanks, is 
much superior. The arrangement shown in Fig. 23 
seems to be quite sound for the smaller sizes, but at the 
same time I have always felt that the ** replaceable 
current-transformer'' bogy is rather overstressed. In 
practice replacement occurs quite infrequently in pro¬ 
portion to the total number of equipments installed, and 
the chief objection is the high charge made by switchgear 
contractors. A compound-filled current-transformer 
chamber is better than an oil-filled chamber, and it 
is a pity to lose the former through overstressing a 
detail. If switchgear contractors would make special 
arrangements to deal with replacements of current 
transformers on a low-cost service basis I think the 
preference for oil-filled chambers would rapidly disappear. 
An addition of less than J per cent to the cost of all 
panels would, I think, pay for most of the service neces¬ 
sary in this direction, I am not sure that I agree with 
^: / the statement (page 299): 'Mt is common practice to put 
i/Targe transformers outside, and the case for similajr 
i treatment of well-protected switchgear is equally strong." 
* I When the "grid" arrangements were first being con- 
■ sidered in this country metal-clad switchgear and cables 
were for all practical purposes not available, and even 
now, assuming we could accept them as proven articles, 
I think that the decision to use mainly outdoor switch- 
gear andlines would be adhered to in view of the very 
great difference in initial cost. At the same time, to 
maintain reliable service from outdoor app^atus very 
qS careful maintenance will be esseiitiab iiicW 
1 1 ditioning of oil, cleaning of bushings and post insulatom, 
11 greasing and adjustment of mechanisms, and painting 
11 of steelwork, all under diffiicuifc service conditions fre- 
^ quently made more difScult by the weather. When 


reliable information is available in a few years' time as 
to the cost of maintenance of outdoor 132-kV switch- 
gear, we may find that the disparity in total cost between 
metal-clad and outdoor switchgear is very much less 
than would appear at present after taking into account 
the possible improvement in service. The author's 
comparison between outdoor circuit-breakers and outdoor 
transformers is not, I think, quite a fair one. Outdoor • 
transformers are filled with oil and are fitted with con¬ 
servators and (usually) breathers. The oil and the 
internal insulation are therefore kept in good condition 
and require very little maintenance. With circuit 
breakers, however, a large space exists at the top for 
condensation of moisture, and this space cannot be 
eliminated. Bakelized-paper insulation must be used, 
and this is very susceptible to deterioration due to the 
presence of moisture. Frequent oil-conditioning, there¬ 
fore, is essential with outdoor circuit-breakers for high 
voltages. Apart from this, a circuit breaker is ulti¬ 
mately of much greater importance than a transformer 
because failure of a circuit breaker may affect the supply 
in general, whereas failure of the transformer can usually 
only affect a single supply. For 66-kV and lower- 
voltage switchgear in the larger sizes I am of the opinion 
that indoor enclosure ought always to be employed, as 
it implies a relatively small additional cost, will very 
considerably reduce maintenance, and, in addition, 
enables provision to be made (by heating of the switch 
house) for the prevention of condensation. It also 
permits of more effective provision for fire-fighting. I 
have no records of any serious troubles with bakelite 
insulation where the switchgear is properly housed and 
kept warm. In this connection I have in mind four 
similar installations of large metal-clad switchgear aU 
enclosed in buildings, three of which were warmed. 
A failure oi insulation occurred on the unwarmed 
swifchgear, followed by a serious fire. This was almost 
certainly caused by deterioration of the bakelite due to 
moisture. Examination of other equipments subsequent 
to the fire bore out this contention. That particular 
switch house has since been warmed, and no further 
troubles have been met with. I agree with the author 
that it is difficult to find any justification for the differ¬ 
ence of permissible temperature-rise in switchgear 
equipments below the 2 000-ampere rating as compared 
with equipment above this rating. The fact that 
B.S.S. 116—1929 gives temperature-rises for oil only, and 
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makes no reference to insulation, renders this specification 
misleading. The ratio of 1/125 of the rupturing capacity , 
wHch the author suggests as a rule for the minimum 
working voltage of switchgear, seems to me rather 
better as an indication of the minimum practicable 
voltage. In new work I would suggest , the ratio of 
1/75 as a good minimum, the ultimate decision being 
based on system conditions. If 6-kV switching were 
adopted for a station having a 300 000-kW output taken 
by standard 0-25-sq. in. 3>core cables, at least 160 
cables and switches would be necessaiy. Obviously 
such a number is impracticable. Even if 11 kV were 
employed nearly 100 such cables would be necessary. 
The congestion on site and the difficulty of leading away 
large numbers of cables down adjacent roads is a serious 
factor in power-station design. The author’s remarks 
about switching capacity are well timed, as it is at 
present extremely difficult for the buyer to compare 
designs produced by different manufacturers or to 
determine the best rating to adopt. The methods of 
switchgear testing adopted in this and other countries 
differ so widely and the presentation of results is so 
varied that it is almost impossible to draw definite com¬ 
parative conclusions from them, and ultimately the 
buyer is forced to base his choice on the reputation of a 
particular manufacturer quite as ihuch as on his own 
examination of the various designs. The British 
Standards Institution would be doing very useful work 
if it would produce some standardized performance 
tests on the lines the author suggests. He refers on 
page 308 to the practice of making main generator field- 
switches operate immediately aftef the initial movement 
of the main circuit-breaker. This practice was intro¬ 
duced originally because the older alternators with low 
1 armature reaction were incapable of keeping in step 
i! when the main field circuit was open, and. it was therefore 
necessary to exclude the possibility of the field switch 
opening before the main switch. With modem machines 
■ this condition no longer holds, and the present practice 
i is to operate the main field-switch and the main oil- 
; switch simultaneously. I do not agree that the short- 
! circuit calculator mentioned on page 316 is the latest 
; addition to control-room equipment, as in America a 
I still later form of calculator has been developed capable 
^ of investigating problems of line regulation, current 
distribution, power factor, and stability in both normal 
^ land fault conditions, as well as of making ordinary 
;-calculations of short-circuit kVA. I believe that one 
inanufacturer is considering the introduction of such 
'1 devices into this country. As regards the use of a 
tandem system of pilots for the control of d.c. traction 
systems (page 316), I have experience of one suburban 
system abroad in which this system was employed with 
rather unfortunate results. It was ultimately aban¬ 
doned in favour of a radial system. 

Mr. L. C. Grant: The application of the metal-clad 
principle to 66 000-volt switchgear is one of the most 
important switchgear developments of recent years, and 
probably the most fundamental change that this e.h.t. 
switchgear has brought about is the substitution of 
an oil or semi-fluid dielectric for compound insulation. 
This change has made possible, amongst other things. 

. the use of an isolating system operating directly on the 


oil-immersed busbars as shown in Fig. 35, and has 
resulted in reduced bulk and lower housing costs. In 
the author’s summary of existing switching methods 
I find no mention of the recently developed oil- 
insulated cross-jet circuit breaker, which appears to be 
a development of the explosion-pot circuit breaker. It 
is probable that the extinguishing action of an explo¬ 
sion pot is most effective at the orifice, and the new 
cross-jet circuit breaker appears to be an attempt 
to intensify this effect, although, incidentally the name 
‘‘cross jet” seems to be a misnomer. Turning to the 
author’s remarks (page 291) about steel contacts, I do 
not think such contacts are completely reliable as the 
action of arcing on the contacts produces hard steel 
globules of glass-like appearance. These globules are 
not removed by the rubbing action of the switch con¬ 
tacts, and the result is incipient arcing at the closed 
contacts which quickly develops into contact heating 
and burning. Is the author definitely of the opinion 
that the demand upon the circuit breaker is greatest 
with a low power factor? My experience shows the 
demand to be the most severe with a power factor 
of the order of 0-5. Nearer unity the duty is not 
so heavy, and nearer zero it is on the average lighter, 
but there appears to be a zone of great variability 
in which exceptional demands may be made on the 
circuit breaker.* It is possible that the author’s con¬ 
clusions are based on too few tests to give complete 
assurance on this point. Short-circuit calculating boards 
are not entirely above reproach. In the majority of 
these the results are obtained with direct current on an 
ohmic board, and it is impossible to eliminate some 
degree of error. We must be prepared for errors until 
calculating boards co-ordinating resistance, inductance, 
and capacitance, come into general use, and until our 
calculations take into account the change in impedance 
during the decrement period of a short-circuit. 

Mr. D. M. Buist: The paper reveals that switchgear 
is practically the most costly item in the electrical circuit 
to-day. Are we not going too far in regard to the 
strengthening of switchgear? I should be glad of figures 
comparing the weights per kW of switchgear, trans¬ 
formers, and alternators. The 15 different arrange¬ 
ments of switchgear mentioned on page 288 have been 
designed to meet conditions many of which are relics 
of open-type switchgear. The majority of these 
arrangements would disappear if we had more stand¬ 
ardization of conditions, and if less allowance were 
made for the individual preferences of customers. As 
regards page 297, I think it is going too far to separate 
group and section switches by brick cubicles. If 
this goes on we may expect to see each switch sur¬ 
rounded and separated from its neighbours by 9-in, 
brick walls, or with moulded reinforced-concrete on 
top of the metal. This tendency is arising because 
of the “ occurrence of a few fires ” (to use the author’s 
own expression). Has he a record of the cause of these 
fires and of the damage which was done in each case ? 
The additional cost of brickwork, etc., to safeguard 
against a relatively remote contingency is tantamount 
to a lack of faith in present-day switchgear. I agree 
I that the practice of placing outdoor-type switchgear 

1 ♦ See Journal I, 
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within a brick building is to be deprecated. According 
to the paper, in the future switchgear will give a re¬ 
hearsal of its performance before it allows an operator to 
switch in. When that day comes there will obviously 
be no need for operators, because the switchgear will 
be the “ robotof the electrical circuit. As regards the 
necessity for earthing resistances (page 307), I expressed 
myself very strongly on.this question at a discussion* in 
1925 on a paper by the present author. I cannot 
understand why engineers are still so exact in their 
predetermination of the ohmic value of the earthing 
resistance, which, with the very large power stations now 
being built, is of small value and therefore very cumber¬ 
some. It is placed in a circuit of varying resistance, 
often having an ohmic value greater-than that of the 
earthing resistance itself, this procedure being based upon 
the assumption that the only resistance in the circuit 
between the neutral and the earth plate is what is in¬ 
serted artificially. The result is that protective-gear 
calculations are upset, and, to meet varying values of 
resistance at the earth plate, protective settings would 
require corresponding adjustments. Has the author 


for standardized performance tests (page 318), the 
author rightly bases his interpretation of the severity 
of service conditions on the circuit breaker's nearness to 
generating plant; but I suggest that if service condi¬ 
tions are to be entirely simulated it is reasonable to go 
a stage further and try out the circuit breaker under all 
its working conditions. It would be interesting to know 
whether the author proposes that short-circuit tests on 
outdoor switchgear should be carried out in the open. 
Does the British test plant to which he refers cater for 
tests under the conditions met with in actual service, 
e.g. would an outdoor circuit breaker be subjected to 
short-circuit in the open under both fair and severe 
weather conditions? The risk of widespread damage 
may have led to the decision to enclose almost completely 
the apparatus under test, as in the test plant already 
referred to, but such an arrangement rather improves 
the service conditions which the performance test pro¬ 
poses to imitate. I feel that pressure and short-circuit 
tests should be carried out simultaneously, and, further, 
short-circuit tests should be made with normal pressure 
applied under the worst possible weather conditions 
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Fig. G.—Distribution of fault currents in 3-phase transmission line connected to solidly 
earthed star/delta transformers. 


ever made any tests to verify this ? I have done so, and 
can assure him that such conditions exist. If a consumer 
insists upon an earthing resistance, let him bury it in 
the ground, encased in a metal shield which can constitute 
the earth plate. 

Mr. F. A. Orchard [cmmunicated ): It would be in¬ 
teresting to know what is considered to be a reliable 
form of bakelite insulation (see page 290) for semi- 
tropical conditions. This question is especially im¬ 
portant in view of the fact that in the future the market 
for the larger sizes of switchgear is more likely to be 
abroad than at home. As most oil-filled apparatus will 
in the future be for outdoor use, would it not be an 
advantage if by-pass oil pipes were provided at suitable 
points which would enable a sufficient quantity of oil 
to be drawn off for testing purposes at regular intervals 
without dismantling any of the switchgear? Tests of 
this kind would be useful for detecting whether moisture 
had entered the equipment via the mechanical joints. 
This idea might be further extended to circuit breakers 
proper, particularly to those t 3 q)es for outdoor use where 
the examination of the oil is likely to be a fairly lengthy 
process. If due precautions were taken such draw-ofi 
pipes could be arranged for use when a circuit breaker is 
in comniission; this should be an advantage where, under 
normal conditions, feeders have to remain closbd for a 
considerable length of time. In regard to the proposals 

*1935, vol. 6S, p. 1028. 


likely to be experienced where the circuit breaker has to 
be finally installed. 

Mr. G. G. Small [communicated)'. I am interested 
in the dual-circuit short-circuit calculator mentioned 
by the author and illustrated in the paper. The object 
of this is to evaluate the probable short-circuit kVA 
which the switchgear installed on the grid will have to 
rupture, and to determine the values of short-circuit 
currents available for relay operation. On overhead-^^ 
line systems earth faults are more probable than phase? 
faults. An earth fault constitutes an unbalanced load? 
on the system and the ordinary method of calculating 
3-phase short-circuits is not applicable. The reactance 
of the network is different under earth-fault conditions, 
and the paths by which current is fed to the fault 
depend on the transformer connections. In the case 
of the grid, the transformers are all star-connected, , 
earthed on the h.t. side, and delta-connected on the^ 
l.t. side. Under these conditions fault current can flow i 
from all the transformer neutrals. Transformers whichj j 
have no generating plant behind them are energized via *; 
the two sound phases. Fig. G shows the simple typical 
circuit consisting of a line connecting two transformers, 
one of which has generating plant behind it. Phase A ; 
is assumed to be earthed as shown. In the calculation ^ 
of earth-fault currents one may use the method of ^ 
S 3 rmmetrical components due to Mr. C. L. Fortes cue j 
and applied particularly to the consideration of earth v 
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faults by Mr. A. P. Mackerras.* The application of this 
method to the circuit of Fig. G is shown in Fig. H. 
The fault-current distribution at any point is derived 
from the determination of the three symmetrical com¬ 
ponents knovm as the positive, negative, and zero 
phase-sequence components. Typical vector systems 
are shown on the right of Fig. H. 1ia> IiB- and lie 
axe three symmetrical vectors having positive phase 
sequence, I%b. and have negative phase sequence, 
and lU. loB. and J^c have zero phase sequence. These 


Positive 


circulate between the fault position and the transformer 
neutrals. The zero phase-sequence reactance of the 
grid Unes has been calculated to be 1-57 ohms per mile. 
In Fiv G T' and V refer to the transformer and Ime 
on th^ left-hand side of the fault. T" and J." sirndarly 
refer to the right-hand side of the fault. In the equiva¬ 
lent network of Fig. H the same symbols refer to their 
reactances. The suf&xes 1, 2, and 0 relate to the 
positive, negative, and zero phase-sequence componente, 
and A, B, and C to the phases. Referring to Fig. H, 
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Fig. H.-Calculation of earth fault currents by 3-circuit symmetrical component method. 
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'f”ig. J.—Determination of earth fault current by the dual-circuit calculator. 


; components must be determined separately. The 
i total earth-fault current has been shown to be 
■ SEIX,+X^+Xo, where is the voltage to neutral a,nd 
: X,, X„, and Xq are the total equivalent reactances of the 
network to the positive, negative, and zero phase- 
sequence currents. The components are all equal at 
the fault. Since the positive and negative phase- 
sequence networks are practically identical, these two 
components are very approximately equal to each other 
at air other points. The positive and negative phas^ 
sequence components flow in the same paths whic 
would be traversed by the currents feeding a 3-phase 
short-circuit at the same point. The reactance ofEered 
by the system to each of these components is identical 
to that offered to balanced 3 -phase currents, with the 
exception of the negative phase-sequence reactance of 
the generating plant, which is 73 per cent of its nc^al 
positive phase-sequence reactance. The zero phas^ 
sequence components are confined to the h.t. lines, an 
* See also C. G. Carrothers ; Electrical Review, 1929, vol. 105, p. 309. 


the fault current and its distribution would be found 
as follows 

The total earth-fault current ijp = ZIt = 3(Jo + io) 

Fault current in Phase A fed == 

from left «= 2lt + lo 

Fault current in Phase A fed = Ii + H + = -^o 

from right 

Current in phases B and C ~ - (0;6Ii 

-f I() Iq 

Current in neutral of trans- — SIq 
former T' 

Current in neutral of trans- » SJo 
former T" 

In the dual short-circuit calculator the above method 
has been simplified for the purposes of a calculating 
table so that only two components are necessary. The 
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arrangement for the case given in Fig. G is shown in 
Fig. J. The positive and negative phase-sequence net¬ 
works are replaced by a single network in which the 
reactances of the lines and transformers are twice the 
normal 3-phase reactance, and the generating reactances 
are 1*73 times the normal short-circuit reactance. This 
combined network is called the “ balanced component 
circuit.The second circuit is known as the leakage 
component circuit'' and is identical with the zero 
phase-sequence network previously mentioned. The 
balanced current components consist of the sums of the 
positive and negative phase-sequence components, and 
are shown on the right of Fig. J. In using the calcu¬ 
lator the instruments are suitably scaled so that the 
fault-current components are read direct without the 
use of conversion factors. The total fault current and 
its distribution in the network are determined from 
the readings of the balanced and leakage component 
ammeters •^12 and Iq respectively. 

The total earth-fault current = SIt = 3(/o + 

Fault current in phase A fed = 21 lo 
from left 

Fault current in phase A fed = 21 4- -?o (= -^o) 

from right 

Current in phases B and C = — I 12 + lo = ““-^12 

+ lo( - io) 

Current in neutral of transformer T' = 3Io 

Current in neutral of transformer T" == ZIq 

The generators are shown as variable rheostats. This 
enables the various running conditions to be taken into 


account. It is also possible to use the “ balanced 
circuit by itself to investigate 3-phase faults. The only 
necessary alteration to the circuit is to alter the gene¬ 
rator rheostats to the value corresponding to the balanced 
reactance. Absolute accuracy is impossible with any 
type of calculator, because certain factors are present 
which it is impossible to take into account in a cal¬ 
culator circuit. An indeterminate variable is the arc 
and earth-plate resistances. Another variable is the 
short-circuit decrement which becomes of importance 
when relays, having a time-lag, are used. This can be 
most satisfactorily allowed for by referring to t 3 rpical 
decrement curves by which the current value at any 
instant after short-circuit can be obtained. When the 
network consists entirely of overhead lines the resistance 
of the lines may be neglected. The maximum error 
introduced by this would be less than 5 per cent 
where the ratio of line reactance to line resistance is 
about 3. Where problems such as transient voltages 
and high-frequency phenomena require investigation, 
model circuits containing capacitance, inductance, and 
resistance must be used. Such a calculator would be 
large and expensive, and should preferably be built up 
so that any system could be represented by rearranging 
the components suitably. Where the object of the 
calculator is to determine short-circuit currents, a resis¬ 
tance calculator of the d.c. type is sufficiently accurate 
and is preferable to the a.c. calculator on account of 
its simplicity. 

[The author's reply to this discussion will be found on 
page 351.] 


North-Western Centre, at Manchester, 23rd February, 1932. 


Mr. S. Ferguson: I do not agree with the author 
regarding the reliability of British circuit breakers, as 
the rupturing tests which we have carried out lead us to 
believe that a large proportion of the circuit breakers at 
present in service have nothing like so large a rating as 
was originally assigned to them. Faults such as ** slow¬ 
ing up " and stopping and reclosing '' would actually 
take place on some of the designs at present on the 
market, if the appropriate tests were conducted, With 
regard to the author's standard conditions for rupture 
tests, while I agree that these are necessary I would point 
out that they are very fine points in comparison with the 
general question of knowing that the circuit breakers will 
actually rupture the powers for which they are designed. 
What factor of safety would the author suggest for 
rupturing ability ? 

Mr. T. T. Evans: In his comparison (page 291) 
between horizontal and vertical switchgear lihe author 
intimates that there is a limiting voltage up to which air 
insulation can be employed at the isolating points, and 
I should like to know what he considers that limit should 
be. In my opinion 33 000 volts is the limit to which air 
insulation can be employed with safety, because of the 
dirty and damp nature of our atmosphere and the fact 
that for higher voltages the space required would be 
rather large. Complete oil insulation should therefore 
be provided for voltages above 33 000 volts, even at the 


points of isolation. In all the cases referred to in the 
paper, complete oil insulation entails first isolation, then 
in some cases the draining of oil, and finally the removal 
of the circuit breaker for inspection and maintenance. 
This would appear to be a long and costly procedure, 
particularly at a time when speed is essential. The 
author omits to mention an important class of switch- 
gear, distinguished by its method of isolation, namely 
the vertical lift-up type. For voltages where complete 
oil insulation is necessary, particularly at the isolating 
point, this class of switchgear ofiers many advantages. 
Figs. K and L (pages 348 and 349) show a duplicate 
busbar 2-switch scheme. Fig. K being in diagrammatic 
form. The chief advantages of vertical lift-up switch- 
gear are: {a) Complete oil immersion of all bare live 
connections, even with the circuit breaker in the isolated 
position, (b) The oil circuit-breaker in the service posi¬ 
tion is fixed in a solid and rigid manner, {c) The busbars 
are arranged in a convenient and safe position in relation 
to the oil circuit-breaker, and if desired a complete floor 
can be arranged between them. This reduces fire risk 
to a minimum. (^?) Complete phase separation by earthed 
metal is provided. 

Mr. W. Kidd: Where space is limited the drop-down 
t 37 pe of switchgear is usually more convenient than the 
horizontal draw-out type, although both types give 
satisfactory service, A change-over from one set of bus- 





348 


CLOTHIER; METAL-CLAD SWITCHGEAR, 


bars to the other can be made rapidly on drop-down 
gear. With regard to Fig. 37, the author suggests that 
considerations of temperature-rise render necessary a 
special type of busbar for currents of 3 000 amperes; 
I should be glad if he would give some further informa¬ 
tion about these special busbars. He also states that 
the ratio between voltage and kVA breaking capacity 
should be 1 : 126, and that for large power stations 
the economic switching voltage is about 12 000 volts. 
In my opinion the voltage should be substantially 


obsolete in a few years’ time. Control boards are at 
present far too big; the ideal board for a power station 
would be of the supervisory type with an illuminated 
diagram which would differentiate between live and dead 
circuits. Miniature indicating instruments would be 
incorporated in the diagram, and small telephone-type 
control switches would be employed. The idea of trying 
to visualize the total load from the positions of the 
pointers on numerous instruments should be abandoned 
in favour of the use of summation instruments. The 



higher, and as regards future large stations connected 
directly to the "grid,” a good case can be made 
out for switching at 132 kV. Would the author 
seriously advocate 12--kV switchgear when the short- 
circuit kVA was of the order of 1| million? Single¬ 
switch substations, mentioned on page 303, were 
adopted in Manchester before the War, and at the 
present time there are about 200 of them in operation. 
Each substation has two high-voltage feeders and one, 
two, or three, transformers rated up to 3 000 kVA, but 
only one circuit breaker; the supply can be maintained 
even when the circuit breaker is made dead (see 
Fig. M, page 350). In regard to control boards, even 
the type foreshadowed by the author will probably be 


relays should be placed in the switch house, or in a small 
room immediately adjacent to the switch house, so as to 
rendLer it unnecessary to bring the present type of multi¬ 
core cables from the switchgear to the control board. 
What should be brought in is the smaller telephone type 
of multi-core cable, and if this were done a large saving 
in the cost of cable work and buildings would result. 
Further, the operator would have his control board 
within a reasonable range of vision and reach. The 
operations of switching and cpntroT should be kept dis¬ 
tinct, and the operator’s control board should have an 
entirely separate diagram. The control engineer should 
give definite instructions to the operating engineer. I 
agree with the author that metal-clad switchgear will 
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probably be adopted more in the future than it has been which causes leakage and, if the switchgear is small and 
in the past, but I tbink that if possible a housing should incorporates thin castings, may give rise to fractures. 



be provided for it, because if compound-fiyed switchgear 
is exposed to the sun, local expansion of the compdilnd 
occurs. Expansion chambers do not relieve the trouble, 

VOL. 71. 


Mr, H. Pearce; I shall refer particularly to Appendix I. 

ss I feel that the author’s standard short-circuit tests for 
oil circuit-breakers form one of the most important parts 



























CLOTHIER: METAL-CLAD SWITCHGEAR. 


of the paper. While I agree that standardization is a 
Splendid thing when carefully applied, it is essential tha 
it should avoid imposing unnecessa^ 
design or practice. As an instance of a difficulty that 
the author has himseU experienced an tlm connection, 
it may be noted that he gives the results of sever^ teste, 
not one of which complies with his own standard condi¬ 
tions, since the teste were made at 4=0 cycles 
The criterions of severity of the test are still very little 
understood. The author himself, as Mr. Ferguson 
mentioned, has left out what is believed by many people 
’ to be the most important factor, viz. the rate of nse 
^ of recovery voltage. Assuming that the power factor of 
: the short-circuit current is fairly low (of the order ®f 
U-1. as mentioned in B.S.S. No. 116 1929), at t e 

; moment of break the voltage is very nearly at ite maxi- 
; mum value. The way in which the voltage will rise to 
the maximum depends entirely on the constants of the 
; (circuit on the generating-station side of the circuit 
n breaker. The reactance, which dictates pnncipally the 
ridrop in voltage, will, with any capacitance there may e 
i .between that reactance and the circuit breaker, form an 




Fig. M.—Manchester single-switch substation. 

•/oscillatory circuit. The frequency of that circuit and 
ilthe magnitude of the recovery voltage wiU together 
' largely determine the rate of rise of voltage, though other 
and smaller oscillations may also be present. The author 
carefully adjusts the power factor of his test circuit to 
the specific value 0-1 mentioned in B.S.S. No. 116, a 
. (procedure which makes the duty of the circuit breaker 
because it reduces the rate of rise of voltage. I 
' cannot believe that B.S.S. No. 116 is designed to make 
the duty of the circuit breaker lighter when it is under 
test. I hope that as short-circuit testing becomes more 
common and more precise we shall find some way of 
defining tbe severity of the test. At present the only 
device for measuring the rate of rise of recovery voltage 
is the cathode-ray oscillograph, which is still a ra'ther 
cumbersome piece of laboratory equipment, unsuitable 
for regulcir use on short-circuit tests. 

Mr. W. A. Coates:. I propose to confine iny remarks 
to those portions of the paper which deal with 132-W 
apparatus. While no engineer would question the 
reduced insulator-maintenance and site costs associated 
with metal-clad equipments, against these advantages 
there must be set off a measure of inflexibility, and often- 
of inaccessibility, which might well tip the scales in 
favourof open-type 132 -kV switchgear of equal imtial cost. 
Designs are at present being prepared for extensions to 
two of the grid stations in Scotland. These, which 
are of the 3-switch type (see Fig. 39), must now be 
altered to what is termed the “ mesh '" connection, to 


bring in an extra feeder. Equipments rather like that 
shown in Fig. 35 could clearly be assembled to form a 
S-switch group, but I cannot imagine such a modification 
to a 6-switch mesh system being carried out, except by 
shutting down the whole station for some weeks. With 
the standard open-type equipment, I expect to ca^y 
out the above extensions without once interrupting the 
supply. Further, practically no changes will be needed 
to existing structures or foundations, and all the present 
items of equipment will be used again. It would be 
difficult to design a metal-clad switchgear system to 
which the extensions mentioned could be effected with¬ 
out scrapping a lot of existing material, and I should 
like to know whether the author has a solution for this 
problem. The footnote to Fig. 34, explaining the 
functions of the by-pass isolator A, is more plausible than 
complete. The switches at A are intended to permit 
access to the feeder circuit-breakers for maintenance 
purposes. By closing the by-pass, the busbar coupler 
on the right can be used in linking up to the top set of 
busbars. Even with a metal-clad design, therefore, a 
by-pass isolator should be included, to give maintenance 
and operating facilities equivalent to those of open-type 
switchgear. The ingenious principle involved in the 
isolating feature shown in Fig. 35^ strongly resembles 
the patented arrangement of bushings wluch^ is being 
employed on the grid circuit-breakers in this district, as 
well as in East Anglia and South Wales, with the object 
of speeding-up erection and maintenance work. Were 
the bushings shown in Fig. 35 actually designed for 
132 kV, and, if so, what is their overall diameter? The 
extra length of earth band provided will be useful for 
the accommodation of current transfonners, which in 
this design must all be on one side of the circuit breakers. 
The busbar side bushings, being allocated one to each; 
busbar, are obviously not usable. The problem of 
including the circuit breaker in the relay protective zone 
is rather difficult with this arrangement, and I should 
be glad to know its correct solution. The condenser- 
coupler method of potential measurement seems to be 
the result of a firm determination not to do the obvious. 
The weakness to which high-voltage potential trans- ■ 
formers were at one time subject have been eliminated 
by modem coil-winding machinery, and the most recent 
designs, such as are being used on sections of the grid ; 
for which my firm is responsible, incorporate features of . 
coil-shaping and shielding which make the winding quite; 
surge-proof. No primary fuses are used, as they are . 
deemed quite unnecessary. A straightforward device of . 
this type, costing no more than a capacitance coupler 
and needing no adjustment with varying burdens,^ is 
surely preferable to the mysterious assembly of tuning 
devices shown in Fig. 36. ^ 

Mr- E. C. McKinnon : The title of the paper implies 
that the small* paragraph devoted to tripping batteries 
completely covers all the developments during the last 
7 years in relation to storage batteries for remote control, 
although this, of course, is by no means the case. I 
agree with the author regarding the deficiencies of 
. Leclanch6 ceUs, and I fail to understand the attitude of 
L Post Office engineers in adhering to this type of battery 
) for- telephone systems when suitable secondary batteries 
\ of various makes are readily available. With regard to 
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the relative advantages of the nickel-iron and lead-acid 
secondary batteries, I would point out that the nickel- 
iron type of alkaline battery is the one secondary battery 
which cannot be trickle-charged. The author is by no 
means alone in his failure to differentiate between the 
nickel-iron and nickel-cadmium types of alkaline bat¬ 
teries.* Lead-acid batteries have many points of ad¬ 
vantage, particularly the t 3 pes specially designed for 
substation work, and their use is rapidly extending. 

Mr. T. W. Ross; I will confine my remarks to the 
section dealing with protective gear of the distance type. 
The distance relay had been used abroad for some years 
prior to the commencement of work on the British grid, 
and when it was found necessary, in protecting the 
132-kV lines, to depart from the well-established practice 
of using pilot wires, this alternative was the first choice. 
At that time the large majority of distance relays were 
based on the impedance-measuring principle, and when 
carefully designed they had proved entirely satisfactory. 
Impedance relays of a type which had been designed 
and manufactured in this country for export were chosen 
for the protection of the first section of the grid. Their 
2 years* service in Scotland has demonstrated that this 
choice was fully justified: the relays have operated and 
discriminated correctly on the faults which have hitherto 
occurred, in spite of the statements on page 310 and in 
Appendix III to the effect that the resistance of the 
arc might lead ^ to incorrect location of the fault by 
impedance-measuring relays. Turning to the author*s 
experiment for settling the rival claims of reactance¬ 
measuring and impedance-measuring relays as regards 
fault location, the method of carrying out this experiment 
must give results favourable to the reactance relay, since 
the arc obtained is not entirely comparable with that 
resulting from a fault under practical conditions. The 
great majority of line faults result in a flash-over on an 
insulator or string of insulators, which on 132-kV lines 
means an arcing distance of the order of 40 inches. The 
electrodes in the experiment were spaced 72 inches 
apart, and, moreover, the arc was struck in space and 
not across the face of an insulator. This latter point is 
of some importance, since the arc resulting from the 
flash-over of an insulator usually clings to the insulator 
surface and does not spread as rapidly as an arc in space. 
The difference in the test conditions may explain the 
comparatively high values of arc resistance indicated 
by the experiment. Reference to the available data on 
the subject shows that the figures given in the paper are 
from 30 to 60 per cent higher than those resulting from 

* The reference in the advance copies of the paper to the uickel-iron 

battery has been iadtered for the 

The Author^s Reply to the Discussions 

Mr. H. w. Clothier {in The discussion is 

lengthy, but it may be hoped that it has clarified some 
of the many outstanding problems. It has turned 
mainly on the rating and test-performance of circuit 
breakers. It has raised a repeated demand for a speci¬ 
fication of the rate of rise of restriking voltage, the reply 
to which is that the paper covers the point by specifying 
the constants of a standard test-circuit upon which all 


other experiments carried out for the same purpose. 
It would be of interest to know how the R.M.S. values 
shown in Appendix III were deduced from the oscillo¬ 
grams, since the current and voltage wave-forms must 
have been considerably distorted. This distortion would 
cause the apparent power factor of the arc to be less 
than unity, with the result that distance relays might be 
appreciably affected unless special precautions were 
taken in their design. The distance relays of the 
impedance type in use on the British grid are designed 
for quick operation over 70 per cent of the feeder length, 
and having once operated they do not reset until the 
impedance has increased to more than twice that of the 
whole feeder. It is therefore apparent that the arc has : 
not time to lengthen before the relay has taken up its ■ 
position. This it will do in less than 0 • 1 sec. A time- 
delay has, of course, to be introduced for faults on the 
remaining 30 per cent of the feeder length. The time- 
delay may be of the order of 0 • 7 sec. without the addition 
of any extra impedance due to the arc, and if we assume 
an arc of reasonable length the time-delay may auto¬ 
matically be increased to a maximum of 1 sec. Is it, 
therefore, desirable, in order to eliminate the probable 
extra time-delay for faults on 30 per cent of the feeder 
length, to substitute all the complications of reactance¬ 
measuring equipment for the comparatively simple 
impedance relay? Simplicity, in my opinion, is of 
greater importance than any theoretical advantages, and 
simple relays are more likely to be satisfactory in service 
than the many complicated relays used in the author's 
distance-measuring equipment. 

Mr. S.^R. Mellonie [communicated)'. The relationship 
suggested on page 301 between the kVA rupturing 
capacity of the switch and the minimum voltage 
gives a figure of 320 volts for a rupturing capacity 
of 40 000 kVA, and the author will agree that the 
cost per kVA of such a unit would be high. A more 
satisfactory figure would be twice the voltage. I should 
welcome the author's opinion regarding the maintenance 
of metal-clad units. As the only exposed insulation 
adjacent to live metal is that in the spouts, the question 
arises whether this can safely be cleaned when the 
busbars are alive. With a specially-designed circular 
hollow cleaner made of insulating material, which makes 
it unnecessary for a man to place his hand any nearer 
the live metal than the outside earthed cover, the risk 
appears to be very small. In industrial districts the 
amount of dust which collects in the spout insulators is 
considerable, and if this could be removed without making 
the busbars dead the advantages of metal-clad switch- 
gear would be still greater than at present. 


T London, Newcastle, and Manchester. 

ratings shall be based. Criticisms of the proposed stan¬ 
dard test-circuit conditions are such as will, I think, 
lead in the end to a much better understanding on the 
part of the purchaser of how to determine circuit-breaker 
ratings for different vicinities on his system. 

The erstwhile demand for radical changes in breaking- 
capacity methods has sobered down to suggestions of 
boxed improvements in the arcing contacts of oil circuit- 
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breakers. I agree that increased margins are within 
reach by these means, but further investigation is 
necessary, particularly in respect of making on short- 
circuit, before the limits of the improvement can be 
determined. The proposals of the paper for increasmg 
the range of voltage for which metal-clad construction 
is advantageous have not been shaken. 

Absolute reliance on continuity of supply is of such 
vital public importance that I have been led to suggest 
that the operation of protective systems should come 
more closely under the observation of the Institution. 

An extraordinary number of important questions and 
points of detail have been raised in the discussion, which 
spread over six evenings, and an endeavour is made 
below to reply to them collectively under analysing 
headings, as far as possible in the order of the items 
in the Table of Contents printed on page 285. 


forms with complete oil-insulation shown in the paper 
only necessitate the usual process of removing the tank 
in the suspended types, or the draining of oil for access 
through a manhole cover in the type with the tank 
resting on the ground. This is done, after isolating and 
earthing, by means of hand levers, which is really not 
such a long and costly procedure as in the form he 
advocates, for which the circuit breaker, complete with 
its tank, must be removed by a crane, as shown in Mr. 
Coates’s Fig. A, before the tank can be removed. All 
Mr. Evans’s itemized advantages {a) to (d) apply equally 
to Figs. 21 and 35, except for the possible addition of 
a floor, which is not switchgear and seems to be losing 
one of the advantages of metal-clad switchgear, namely 
self-contained unit construction and factory grouping; 
and in my preference for busbars above circuit breakers 
of this particular type I have Mr. Ferguson on my side. 


Switchgear Construction. 

Innovations, 

I do not agree with Mr. Coates in associating his 
Fig. A with the German design, which, on reference 
to British Patent No. 23348/1913, is found to be 
as shown in Fig. N. Rather his outline is a replica 
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of an illustration that I have already recorded in the 
Journal,* Moreover, he is only right in assuming that 
his arrangement of condenser-insulated busbars differs 
from what has hitherto been seen in respect of the 
questionable advantage of the absence of oil-filling. 
Figs. 17 and 21 of the paper show busbar tubes so small 
that the busbars could only be insulated by completely 
covering them with insulating material, which was also 
of bakelite paper with condenser-layers of foil.f The 
only difference is that the small remaining clearances 
were filled up with oil to avoid any risk of ill-effects 
from possible air-spaces. 

I agree with Mr. Evans as to the limit of 33 000 volts 
for air-insulation of isolating orifices, and for power- 
station services on the lines of Fig. 15 oil is preferable 
at 33 000 volts and under. As Mr. Evans says, the 
vertical lift-up has been omitted from the list of generic 
classifications (page 288). This was due to my npt 
having, at the time of writing the paper, the informa¬ 
tion now showm in Mr. Coates’s Fig. A and Mr. Evans’s 
Figs. K aiid L, and to the abandonment of my own earlier 
proposals for this class. 

Contrary to Mr. Evans’s statement, the ordinary in¬ 
spection afid maintenance of circuit breakers of the new 

* Journal im, vol. 63, p, 428, Fig. 6; also British Patent No. 

110808/1916; and Figs. 8 and 9 of ray British Association paper, 1927. 

t British Patent No. 389G77 : Application date 13th September 1929. 


Instrument Transformers and Instruments. 

I heartily endorse Mr. Winfield’s preference for com¬ 
pound-filled current transformers in small and medium¬ 
sized switchgear. No one outside the factory could 
realize the additional cost and delay that come in the 
train of accessible current transformers and oil-filling 
in the truly compound-filled class of switchgear. The 
extra cost would assuredly be paid over and over again 
if on the few necessary occasions the compound-filled 
chambers were brought back to the works, notwith¬ 
standing the need for breaking and remaking the cable 
joint. Mr. Moore suggests that the ratio of meter trans¬ 
formers should be checked evety 10 years, to ascertain, 
whether there has been any ageing, with consequent* 
change of accuracy in the readings of instruments. He 
raises a doubt, but gives no evidence of ageing of either 
current transformers or voltage transformers. Thou¬ 
sands of the former have been fixed solidly in compound- 
filled chambers for use during the last 25 years, and 
voltage transformers have always been removable. 

In further reply to Mr. Moore, I think that other 
papers recently read before the Meter and Instrument 
Section have recorded details of progress in instruments 
so adequately that there is no need for repetition here. 

I agree on the importance of accuracy in integrating- 
meters, in view of its effect upon revenue. The meter, 
unlike the transformer, contains moving parts, which 
may be slowed down by age, and must be periodically 
checked. 

I do not like to hear about direct access to primary 
fuses or power-transformer terminals. It savours too 
much of the risk of accidental access to live conductors. 
Rather than eliminate plug connections, I would con¬ 
centrate upon perfecting their good-contact-making 
quality, for the sake of easy withdrawal of apparatus 
for safe isolation. Mr. Moore says that much expense 
: and delay would be avoided if all primary and secon¬ 
dary fuses were made accessible. This may be thought 
to be so in considering the operator’s time only; but 
accessibility of high-voltage apparatus must not be 
attended with personal risks, and for this reason some 
high-voltage fuses have been deliberately so placed that 
they cannot be reached until the circuit breakers con¬ 
necting them to the busbars have been opened and 
isolated. As to the secondary side, although I agree 
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with the need for easy access when considering the com¬ 
fort and efSciency of the operator, another vital point, 
mentioned elsewhere in another connection, is that some 
protection is also necessary as nearly adjacent to the 
secondary winding as possible. This is because a short- 
circuit on the secondary generally means a bum-out of 
the primary, and so the protection is required to cover 
the whole of the circuit, and not only the part from 
where a conveniently accessible fuse would be placed. 

The truck type, in which the whole of the instrutnents, 
the wiring, and the current transformers and voltage 
transformers, are removable intact, may be thought to 
be ideal for meter testing; but ought Mr. Moore to 
couple it with the cubicle type, in which the tester has 
to work in a confined space, which may be alive inad¬ 
vertently? Moreover, even with the truck type, if 
the whole thing is withdrawn, great care must be taken 
before making full use of the facility, since otherwise 
it is possible to get high voltage on the bare exposed 
conductors through the voltage transformer. Again, 
it is neither safe nor convenient to make a test by passing 
high voltage through the panel; and so all that is really 
gained is that the current transformer is made accessible. 

Tests, other than for ordinary accuracy of trans¬ 
formers, connections, and meters, such as a "‘thorough 
test of metering equipment before leaving the works 
and on erection, are usually controlled by the pur¬ 
chaser’s specification. Frequent repetition may involve 
costs that the purchaser is not prepared to face. It 
depends upon what is meant by “ thorough.” 

Horizontal or Vertical. 

From illustrations of broken top-plates shown by Mr. 
Ferguson on the screen at Manchester and by Mr. Wil¬ 
kinson at London, one would fear distortion of busbars 
when placed immediately over these top-plates. Mr. 
Ferguson assures us, however, that in thousands of tests 
this has never occurred; but the horizontal type has 
been proved equally under tests. I think that the 
evidence is, if anything, in favour of the horizontal 
type, in which the circuit breakers are more remote 
from the busbars; but really in both types it is a matter 
of forethought in design, and there must always be 
adequate provision for holding down the circuit breaker. 
The same applies to top-plate insulators, which, if in¬ 
securely fixed, may be forced into the busbar chamber 
structure in the vertical type; but incidents of this kind 
may be common to either class, and although such an 
occurrence would be less harmful in the removable 
horizontal type, because it would be easier, to repair 
on the circuit breaker, in both forms it is only a matter 
of knowing what stresses are to be met with, and 
designing accordingly. 

Mr. Willdnson draws attention to a point already 
dealt with in the paper (page 291), namely that the hori¬ 
zontal arrangement is designed in accordance with the 
usual British practice of using change-over switches, in 
preference to a duplicate circuit-breaker for changing 
over from one busbar to the other; but I do not agree 
with him that it does not give the same scope or range 
of operation. I have always contended that, fpr the 
same cost of production, one circuit breaker is better 
than two, because there are fewer parts, and these are 


of a higher quality, and are therefore less costly to 
maintain. There is not much to be gained by the wide 
separation of compound-filled busbar chambers; this 
is an idea associated with open-type switchgear, but not 
relevant when busbars are properly metal-clad. 

I agree with Mr. Kidd that both the horizontal and 
the vertical type will give satisfactory service, provided 
they are designed with the same care and with equal 
study of the varying characteristics of each; but I do 
not agree that a change-over can be made more rapidly 
with the vertical type. This also is a matter that can 
only be judged from the method adopted. 

Hispozition of Busbars and Phase Separation. 

Although I agree with Mr. Winfield on the desirability 
of avoiding having two sets of busbars and connections 
thereto in the same chamber, it must be admitted that 
there are very few ways of doing it. Fig. 15 is satis¬ 
factory, but is not immune from the criticism, because 
when one isolating switch is closed it connects its busbar 
into the other tank. Duplicate circuit-breakers (Figs, 5 
and 10) are not immune, because, when both circuit 
breakers are in position, and one is closed, the idle 
busbar connections and the live busbar connections 
both enter the idle circuit breaker. Fig. 8 does it; but 
this necessitates complete removal of the circuit breaker 
when changing over. Fig. 35 is near perfection, because 
the unused busbar connection is both isolated in two 
places and also earthed in two places, one of which is 
visible. At the same time it should be recorded that, 
although the largest proportion- of duplicate busbar 
switchgears do not comply with the ideal, I do not know 
of any failure in consequence. No device that has to 
change over on load can comply, because there must 
obviously be one last contact that has to be closed in order 
to join the two busbars together; but it is possible so 
to interlock that this last contact shall not be made 
until the busbars are paralleled. Again, at the place 
where the busbars are paralleled the two must come 
together in one chamber, and before paralleling the 
potential difierence still obtrudes itself . 

Mr. Blandford asks whether it is desirable to obtain 
complete phase-separation in the smallest types, rather 
than to use tanks with an air space common to all 
phases. This seems to me to be merely a question of 
cost of production. Comparing the two alternatives, 

I think that the combined quality of three separate 
enclosures has to be greater, and is therefore more 
costly, than that of a single enclosure of the same j 
switching capacity. Up to and including 750 000 kVA, | 
I prefer the common tank with earthed metal between i 
phases ;but I would not attempt to fit complete barriers, ■ 

either of metal or of insulating material, between phases . 
in one tank, on account of the tendency to distortion j 
of the barriers by occasional greater stress in one phase $ 
than in its neighbour. Beyond 750 000 kVA, other 
mechani considerations are a determining factor and 
: lead to a single tank for each phase. Mr. Coates also 
refers to testing circuit breakers with single versus three 
tanks, and i agree that common top-plates and air 
spaces introduce a distinction in respect of test require¬ 
ments. It may be argued, however, that it is not 
sufficient to test separately one single-phase unit of a 
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3-phase circuit breaker, or, if this is done, it is not 
correct to assume that the proved breaking capacity 
of one unit can be multiplied by three to give the rating 
of the 3-phase circuit breaker, since under actual service 
conditions any one phase may do more work than either 
of the other two phases. If it is assumed to do 50 per 
cent more, it may be taken as a guide that the sum 
of the kVA-performance values of the three units tested 
individually is of the order of 30 per cent greater than the 
corresponding value for the three units taken collectively. 

For voltages of 66 000 and upwards, it may be very 
difficult to obtain 3-phase testing on test-plants, owing 
to the large size of the transformers required; and, seeing 
that circuit breakers for such voltages are always earthed 
in service. Appendix I (page 319) allows for the alter¬ 
native of testing single-phase units. 

SwitchgeaY Lay-out. 

Mr. Wedmore raises an issue about duplicate busbars, 
and in reply I should like to refer him to the 1925 paper 
and discussion,* in which he will see that my criticisms 
were not directed against duplicate busbars as such, but 
rather against duplicate circuit breakers when used with 
duplicate busbars. I contended then, as I do now, that 
duplicate busbars have certain uses in large generating 
stations, but that one of these is not for the land of 
rapid change-over that warrants the use of duplicate 
circuit breakers also. It is preferable to isolate the 
circuit first, and then to make the necessary change¬ 
over. Mr. Wedmore speaks of his conversion by the 
experience of the last 14 years as though it was^ only 
in that period that development in a sufficiently 
reliable form"' had taken place; but the development 
has been satisfactory over the last 25 years at least. 
Switchgear units of the largest capacity still in use 
to-day had already been made more than 14 years ago, 
and these units were fitted with duplicate busbars and 
single circuit-breakers, as was all other power-station 
metal-clad switchgear prior to that time. My experi¬ 
ence with this type of switchgear has not justified Mr. 
Wedmore's suggestion to place a wall between duplicate 
metal-clad busbars, and I think he is mistaken in saying 
that the additional cost would be very small. In some 
cases, indeed, such as those of Figs. 21 and 35, it would 
lead to an entire re-design of the switchgear, and for 
what seems to me little or no gain he would have to 
abandon the factors leading to the very economy that 
he in common with other speakers demands. I feel that 
the hankering after duplicate circuit-breakers changing 
over on load, and separation of duplicate busbars by 
walls, has been handed down from the time when the 
control of operating conditions was very difierent from 
what it is to-day. 

Mr. Highfield finds- minor mechanical faults too fre¬ 
quent, and calls for greater attention to the mechanical 
movement. He suggests compressed-air or hydraulic 
operation. Mr. Trencham gives the cue for saying that, 
as electrical engineers, we need no excuse for taking 
advantage of the wonderful flexibility ** of the power 
we control; and so we do not disregard our own pro¬ 
duct for power-supply purposes in operating switch- 
mechanism. But I think that, even apart from this, 

♦ Journal 1925, vol. 63, pp. 428^ 447, aad 465. 


the greater cost of producing and maintaining a power 
supply by pneumatic or hydraulic systems must be a 
reason for their non-adoption. Mr. Highfield instances 
railway signalling by compressed air, but should we not 
advocate, for economy and greater reliability, the use 
of electricity for this purpose ? I have had pneumati¬ 
cally-operated circuit breakers* • on trial for several 
years. The operating cylinders are certainly perfect in 
their simplicity; but we fear to put them into practice 
lest there should be condensation and freezing; and, 
moreover, it would be fatal if the compressed air failed 
at the critical moment, for which everything must all 
the time be maintained in perfect readiness, even though 
it occurs, perhaps, only once in six months. 

Mr. Buist is one of the users who criticize the 
strengthening of switchgear, but he is also one of the 
culprits in putting increased power behind it. He asks 
for weights per kW of switchgear, transformers, and 
alternators. For a typical case, say a large power 
station stepping up from 11 000 volts to 33 000 volts, 
with the switchgear in the reasonable place, namely on 
the 33 000-volt side, these are as follows:— 

Transformers .. . • • • 6 • 8 lb. per kW 

Generators, including condensers, 

air pumps, etc. .. .. • • 39 lb. per kW 

Switchgear .. • • • • 12*5 lb. per kW 

The switchgear includes the feeder circuits, each of which 
has to be of nearly the same weight as the generator 
circuits. 

Regarding Mr. Buist’s constructional criticism of the 
separate-room power-station switch-house, I must admit 
that I would prefer to put the whole gear out in the 
open as a cheaper precaution against fire arising, for 
example, from the effects of bombs. The causes of 
damage in the past have, I believe, been principally 
insulation failures, which are curable when the possi¬ 
bilities are properly realized; but I foresee that in the 
future there may be failures in the operation of circuit 
breakers on short-circuits when under new conditions 
above the true ratings. If Mr. Buist likes to put it 
that way, it is a lack of faith in all the switchgear in 
use to-day, which in the future, on account of extensions ^ 
and because of the grid, is likely to be over-stressed, j 
I think that an increasing degree of automatic control! 
will free operators for some more soul-inspiring occu-j 
pation than the present-day monotony of standing-byi 
and watching, and occasionally turning a handle. 

Outdoor Switchgear. 

Mr. Orchard would carry out circuit-breaking and 
high-voltage tests simultaneously in the open, so as to 
reproduce operation under the worst weather conditions. 
This is sound enough, but would need some staging, 
since test-bay bomb-proof enclosure, automatic fire- 
extinction, 2 to 3 times normal voltage, and the repro¬ 
duction of a scorching hot day or a snowstorm, do not 
mix well together. I hope the introduction of metal- 
clad switchgear for outdoor use will in future remove 
some of the reasons for this proposal. A full study of 
the programme outlined by Mr. Leeson will show that 
in due course ordinary field tests may be checked by 

* BritisliPatentsNos.297012—1927 and 298272—1927. 
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calculation from the results of tests on the standard 
circuit. In the meantime, this may not eliminate the 
desirability of field tests; but they are very difihcult to 
arrange for on a large scale. I have rarely found a 
supply authority prepared to put at one*s disposal a 
complete system, with sufficient power behind to be of 
any use; and even if help is forthcoming the tests have 
to be so much curtailed that they are apt to give very 
misleading results when compared with the full measured 
work in properly designed test plant. The comparison 
is analogous to the difference between the hurried per¬ 
formance of an untrained amateur and that of a full¬ 
time professional. 

Mr. Winfield makes a good case for housing metal- 
clad switchgear, and the reduced dimensions make it 
reasonable to think of doing so even at 132 000 volts; 
but the risks of deterioration will be no more than those 
to which open-type circuit breakers for the same vol¬ 
tage are already exposed on the grid. The bakelite to 
which he refers in comparing its behaviour in a cold 
and a warmed building was probably of a quality much 
inferior to that which is procurable nowadays. As to 
provision for fire-fighting, I think that, if required, this 
could be made just as effective in the open as within 
a building. This leads one to a consideration of men 
who might happen to be near the switchgear at the 
start of a fire; they would have a much better chance 
of making their escape from metal-clad switchgear in 
the open, and certainly the chances would be enhanced 
by the absence of live conductors. To quote Mr. J. L. 
Hecht *—and rightly so, because he has had experience 
of metal-clad 132 000-volt switchgear, although of a 
non-unit panel type—Hazards to personnel are almost 
completely eliminated.'’ 

On the issue of “ indoors or out of doors ” for metal- 
clad switchgear, Mr. Winfield and Mr. Buist take oppo¬ 
site sides; and since they both advise those who pay 
the piper I leave them to settle the tune. Mr. Kidd 
prefers housing on account of expansion of compound 
in the sun. It is not an easy matter to provide for this 
expansion and for breathing of air spaces when com¬ 
pound is used; and I agree that the difficulty is reduced 
with indoor mounting, which is usual for switchgear of 
ordinary dimensions. For the higher voltages, oil-filling, 
with conservator tanks and breathers, provides for 


changes in weather conditions. 

132 000-volt Metal-Clad Switchgear, 


After all that has been learnt about metal-clad switch- 
gear, it is a wonder that Mr. Coates and Mr. Blandford 
should still anticipate difficulty in making extensions 
to it. Bo they have trouble with metal-clad switchgear 
for ordinary power-station voltages ? If not, they should 
have no reason to confess to any anticipation of diffi¬ 
culties, either in extensions or in maintenance, when the 
same principles are applied to higher voltages. Mr. 
Hecht recordst that the carrying on of constructional 
work is simplified and expedited,” and he goes so far 
as to claim that metal-clad switchgear has a large 
salvage value when the growth of the systohx compels 
replacement. 

♦ I L Hecht: “Development o! the Waukegan Stati<m of the PublkSejvipe 

Comnany of Northern Illinois,” American I.E,:^ Paper No. 32M9.^ (An abstract 
of the* paper appears in the March 1932 issue of Electrica^ Bfi^g^nunng.) 

t Ibid, 


Mr. Trencham refers to some 132 000-volt equipment 
in which oil-immersed isolating switches and earthing 
contacts were used, with, in addition, air-break with¬ 
drawal plugs and sockets. I understand this relates 
to the American arrangement that I illustrated dia- 
grammatically in Fig. 33, in the absence of full infor¬ 
mation* when writing the paper. I note that Mr. 
Trencham does not agree with the duplication of isolation 
to which he refers, although it is apparently a safeguard 
approved by the users. I would point out that practi¬ 
cally both features are embodied in the new proposal 
as illustrated in Fig. 35 of the paper. In this desip 
the central isolator is of the plug-and-socket type, and in 
addition there is an oil-immersed isolating and earthing 
switch co-operating with it. 

Mr. Blandford, referring to Fig. 35, says he would not 
care to trust his life to mechanical interlocks, and pre¬ 
fers a visible isolation before engaging on any inspection 
or adjustment of the contacts in a circuit breaker. Mr. 
Trencham also refers to this point. There is much to 
be said in favour of visible isolation; but enclosed 
isolation, with definite and positive earthing, if the 
earthing is also visible, is just as effective. In the 
design shown in Fig. 35, a definite and visible isolation 
may be secured by the entire removal of the circuit 
breaker, if the additional trouble is thought to be worth 
while. 

Replying to Mr. Blandford, my reference to further 
development (page 289) relates to prospects of using the 
metal-clad principles for more than 66 000 volts, when 
the circuit breakers will be heavier owing to increased 
clearances. They would not necessarily be overhung. 
Fig. 14, which is associated with Fig. 21, indicates the 
alternative. I think the interlocks can be made just 
as immune from derangement as in any of the better- 
known forms of metal-clad switchgear, of which it is 
a characteristic that the compact arrangement of parts 
renders interlocking more substantial than on the known 
forms of open-type switchgear. I do not anticipate 
Mr. Blandford’s suggested difficulty of breaking charg¬ 
ing-currents on any device used on Fig. 21, since all 
the contacts are in oil, as shown in Fig. 26. The ad¬ 
vantage of space reduction is again that which applies 
to all metal-clad apparatus, particularly when it is to 
be enclosed within a building. As compared with the 
open type, the reduction is permissible because of the 
convenience it affords in inspection and maintenance 
while adjacent panels in close proximity are alive, and 
even out of doors the space consideration is important 
in congested areas. 

Replying to Mr. Winfield, I am satisfied that the 
designs shown in the paper will bring the initial cost 
of the production of metal-clad switchgear very close 
to that of the open types now used on the 132 OOO-volt 
grid, and that, when information is available on the 
cost of maintaining the respective types, the disparity 
will turn the scale entirely in favour of the metal-clad 
type. 

Some speakers complain that switchgear has become 
too bulky, and plead for reduction. I think we are apt 


* E C. Williams: “Electrical Design Features of Waukegan Station,” 
American I.E.E. Paper No. 33—57 (published since my paper was written). (An 
abstract of the paper appears in the March 1932 issue of Electri>ca>l Engi- 
nemng,') 
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to overlook the fact that the increase is due to the great 
increase in power and voltage of recent times. At all 
events I hope that the present proposals will be accepted 
as evidence of a tendency to reduce dimensions. For 
example. Fig. O compares the type recommended in 
the present paper with the verticaHift-out oil-immersed- 


from the two busbars in the same chamber. It does 
not follow that this design is final; but it does show 
progress in the economical replacement of bare-con- 
ductor switchgear for such voltages as 132 000 volts. 

In reply to Mr. Coates’s statement in Manchester 
about the conversion of a 3-switch group mesh sub- 




PXG O.—Comparison of type of switchgear recommended in the paper with vertical- 
* ! lilt-out oil-immersed-contact type. 


contact type oiswitchgear in accordance with my earliest station into a 6 or 6 group mesh, I cannot think that 

proposals* for oil isolation. The lower part of the iUus- he has given full scope to his imagination, because it 

taation shows the duplicate circuit-breakers. The upper is eminently simple and safe to open the ring for the 

part corresponds to the circuit breaker illustrated in short period during which the new connections are being 

Fio', 35 of the paper, which allows an oil-break change- made to the additional panels, which would previously 

over for the duplicate busbars a;nd thus requires only have been erected in safety alongside. He suggests 

one circuit breaker per unit, and also avoids conduct^^^^^ that the footnote to Fig. 34, relating to the bypass is 

* British Patent No. 110808—1916 rsee also Figs. 8 and 9 of my British ^spda-. more plausible than complete.” It isiiot plausible: 

■tion paper, 1927 , which forecast tho somewhat epei^ye type of switciigear is true, because it represents not Only comnipn but 

now adopted by Mr. Coates and Mr. Evans for 66 poo volts, * / : 
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universal practice with metal-clad switchgear. On 
straight metal-clad switchgear the need for h 3 ^asses 
has not been found, even in the largest power-station 
equipments, and so it is also reasonable to suppose that 
the same maintenance considerations would apply to 
metal-clad switchgear for 132 000 volts arranged like 
any other duplicate-busbar change-over job. If the 
footnote is incomplete at all, it is because it does not 
elaborate on the amount of attention likely to be re¬ 
quired with the open t 3 ^e of construction, and does 
not emphasize the dangers that arise during cleaning 
and maintenance. Already there have been fatalities. 
To clean an open insulator or to do maintenance work 
on an open-t 3 rpe circuit breaker or isolator involves not 
only the opening of an isolating switch but also the pre¬ 
liminary provision of a clearance of about 15 ft., which 
necessitates very difiicult screening or the shutting-down 
of complete sections. All of this, with the accompany¬ 
ing risks, is avoided if all the conductors are completely 
covered when alive, as they are in the alternative metal- 
clad construction. 

My objection to a b37pass in an ordinary duplicate- 
busbar equipment is that it adds to the initial cost and 
complicates the operation. Both these items are worth 
considering in view of the demands from many speakers 
for economy and simplification. Moreover, the advan¬ 
tages of metal-clad donstruction should be given full and 
free scope, and it should not be burdened with parasites 
that have developed because of the limitations of open- 
type construction. 

I do not quite know what is behind Mr. Coates's 
reference to the isolating bushing of Fig. 36, to the effect 
that it strongly resembles the patented type used on 
some sections of the British grid; but it is only fair that 
any inference tending to deprecate British initiative 
should be nailed down once and for all. Mr. Coates, 
at my request, has kindly given me a reference to the 
patent,* and I find that it is of American origin. It 
does not anticipate the British patents on the move¬ 
ment of the central conductor or bushing for isolation. 
It makes no reference whatever to metal-clad switch- 
gear, nor is it intended for isolating purposes. In fact, 
it is only a very ordinary bushing with a hollow interior 
through which a flexible conductor passes so that the 
top part of the bushing insulator can be removed if the 
porcelain surface or bakelized interior has to be replaced. 
This can be done, when it is applied to switchgear, 
without removal of the current-transformer chamber 
or of the switch contacts. There are objections to the 
arrangement, even as a component of an open-type 
switchgear device, but since I am discussing metal- 
clad switchgear, to which the invention does not refer, 
it is only necessary for me clearly to remove any wrong 
impression on the question of origin, which might other¬ 
wise arise from Mr. Coates's remark. An arrangement 
with a plug instead of the patented flexible conductor 
is the natural means of attaching a metal-clad cable 
to power-transformer terminals to enable the cable- 
sealing to be done outside and the conductor to be 
plugged in without disturbing the terminal connections 
of the transformer winding. The bushings shown in 
Fig. 35 were designed for 132 000 volts, and their 


diameter is consistent with standard practice for open- 
type switchgear. The place for current transformers is 
relatively a small point. On ordinary metal-clad switch- 
gear they are not usually placed on the busbar side of 
the circuit breaker, but if this is absolutely necessary 
in order to include the circuit breakers in the protected 
zone in duplicate-busbar equipment of the t 3 pe shown 
in Fig. 36, the current transformers could also be readily 
duplicated and placed over each connection between 
the circuit-breaker main contact and the busbar. 

My conclusion is that Mr. Coates either had not 
really given thought to the possibilities up to the time 
of this discussion, or has been misled by approaching 
the design along unsuitable lines. 

Purity of OiL 

I agree with Mr. Grove on the need for avoiding the 
use of semi-fluid compounds, on account of their at¬ 
traction for moisture, and I also agree with what he 
says about loose, floating, flbrous materials in oil. I 
think it is necessary to carry out high-voltage type 
tests with oil of high electric strength (46 to 60 kV), 
because oil with a low or variable electric strength 
would interfere with the obtaining of the requisite fun¬ 
damental data on the design and performance of the 
insulation, particularly in respect to puncture test. On 
the other hand, routine works pressure-tests to check 
quality of manufacture are not made at 20 kV, as Mr. 
Grove suggests, because the pressure tests of B.S.S. 
No. 148 are based on a 30-kV value. Mr. Grove and 
Mr. Orchard refer to risks of moisture in oil. Mr. Win¬ 
field also draws attention to condensation of moisture 
in circuit-breaker tanks, and the possibility that it may 
mix with the oil. I see no objection to Mr. Orchard’s 
proposal to tap ofl oil from suitable places for exaniina- . 
tion, and for clearing away moisture. Given taps not: 
likely to leak, it would be a good plan to fit them even , 
on circuit breakers, when the oil could be circulated, 
through filters and dryers while the panels were in 
service, without interfering with the supply. At one ; 
time I suggested that the warm oil from transformers 
should be circulated through the switchgear, so serving 
the dual purpose of keeping the switchgear warm and 
cooling the transformers; but I think that the idea has 
not yet received full consideration in suitable quarters. 

Voltage Measurement. 

The coming of the condenser coupler appears to have 
expedited improvements in voltage transformers. Both 
Mr. Ross and Mr. Coates refer to transformers with • 
special windings to equalize capacitance stresses, but; 
since the conductors must be continuous I cannot over- ,, 
look the possibility of a bum-out on the primary turns. 
The saving grace of the condenser coupler is that it 
avoids the use of fuse protection, and the removal of : 
the protecting fuse in the transformer circuit suggests 
imitation of the practice adopted for condenser couplers. 
The condenser coupler is a condenser insulator pure and 
simple, requiring ho high-voltage protection, but in my 
opinion it is, unwise to omit such protection on the high- 
voltage side of a voltage transformer. I believe it to 
be commoh knowledge that in America recently a serious 
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fire was started on a 132 000-volt voltage transformer, 
which was without this protection. There is nothing 
to prevent a conflagration if a high-resistance arcing 
fault is allowed to persist inside a transformer tank. 
The voltage transformer is the weakest part of the 
whole system, because it is a place where fragile high- 
voltage and low-voltage conductors must be brought 
into close proximity. The insulation must run the same 
voltage-stress risk as that of a large power transformer, 
in which, however, there is more room and the con¬ 
ductors are more substantial. It would appear to me 
to be unfortunate if the introduction of the condenser 
coupler for light instrument measurements were to bring 
about any impairing of the safety of the system by the 
removal of the voltage-transformer fuse merely as a 
result of price competition. Mr. Cranmer refers to the 
secondary connections. It is here that the condenser 
‘ coupler scores, because if the secondary circuit becomes 
short-circuited no harmful effects would occur on the 
high-voltage line or on the high-voltage side of the 
coupler, whereas a similar fault on a voltage transformer 
may cause a burn-out of the high-voltage winding, 
whether or not it is provided with fuses. I agree that 
the output of a condenser coupler may not be as great 
as that of a voltage transformer; but, so long as it is 
sufficient for instrument and protective-gear purposes, 

' this does not constitute an objection to the condenser 
coupler. Mr. Coates’s implication that the condenser 
coupler requires adjustment with varying burdens is 
unfounded; the secondary apparatus inherently provides 
automatic regulation with the same accuracy as the 
voltage transformer. 

Busbars. 

I agree with Mr. Wilson that the tubular form of 
busbar is theoretically ideal as a conductor from the 
points of view he has illustrated in Figs. E and F. I 
have considered using tubular conductors, but the square 
or “ box ” formation of conductor was adopted because 
of its practical advantages and its close approach to the 
theoretical ideal. In metal-clad switchgear, one of the 
important factors is the ease and ejBaciency with which 
busbar sections can be jointed to each other and con¬ 
nections can be taken off to branch circuits. From this 
point of view the box " formation is definitely better 
and more convenient than the tubular. In practice, 
the four conductors forming the ** box ” are bonded 
together along their length by metal spacers, and so 
conduction of heat does take place between the con¬ 
ductors, and the actual distribution of heat approaches 
the ideal obtained with the circular form more closely 
than Fig. F indicates. 

Fig. 28 and Mr. Wilson’s discussion, taken together, 
reply to Mr. Kidd’s request for further* information 
about busbars and temperature-rise. 

Correlation of Breaking Capacity and Voltage. 

I am glad to have Mr. Trencham’s support of my 
iproposal to place a limit upon power-station switchgear 
current by stepping up to high-voltage busbars when 
the larger breaking capacities are required. Other 
speakers have expressed their approval, and I am con¬ 
vinced that it would be a great benefit to switchgear 


design to eliminate awkward large currents. Mr. Win¬ 
field goes farther than the paper, and would alter the 
factor to 1/75 against my 1/125. I suggest a com¬ 
promise in the nearest practical ratings as follows:— 


Maximum breaking capacity 
for circuit breakers 

Maximum voltage 
(3'phase) 

kVA 

volts 

1 600 000 

22 000 

1 000 000 

11 000 

600 000 

6 600 

260 000 

3 300 

60 000 

660 


These values would impose a reasonable limit on the 
ability of the circuit breaker to close on short-circuit, 
as required by Mr. Trencham, and would reduce the 
section of copper for circuits and feeders, as required 
by Mr. Winfield; and they would also tend to reduce 
the heating of the framework and busbars of metal-clad 
switchgear, as discussed by Mr. Wilson and other 

speakers. , t 

Mr. Kidd wants to take voltages higher, and I would 
agree with him. In reply to his question, a voltage of 
12 000 volts for 1500 000 kVA is on the border-line of con¬ 
venience. It has been employed by my Company, and 
so has 6 600 volts for 1 000 000 kVA (as shown by the 
tests* in Appendix II); but I would prefer the 11 000-volt 
limit given above for 1 000 000 kVA. I am now prac¬ 
tically in agreement with Mr. Mellonie. 

Switching Capacity: y 

{a) Bate of Rise of Restriking Voltage.—h. marked 
feature of the discussion is the frequent reiteration of 
the theory, propounded and explored by Dr. Slepian, 
of the effect on the critical happenings at the arcing 
contacts of a circuit breaker of the rate of rise of re¬ 
striking voltage during each zero-current pause of the 
arcing period. This evidence of the wide reading of 
Dr. Slepian’s works is a well-merited compliment to 
him. In keeping with his theory, I have proposed that 
circuit-breaker ratings shall be based upon a common 
standard of severity. The measure of severity at any 
given line voltage is the amount and duration of the 
current, both because of the mechanical stresses it 
brings to bear upon the conductors, and because of 
the static stresses occasioned by the thermal efiects of 
the arc. Current is therefore the foremost factor in the 
ascertainment of ratings. It is controlled by the effi¬ 
cacy of the breaking'devices and by the incidence of 
the voltage. The former is a matter of forethought, 
experience, and trial; but, as Mr. Pearce confirms, the 
latter depends upon the constants of the test circuit, 
which determine the rate of rise of the restriking vol¬ 
tage. Hence, in the proposed standard test-circuit 
(Appendix I), the lengths of conductors are t6 be kept 
as short as possible in order to reduce the self-capaci¬ 
tance of the whole test-circuit to a minimum, whereas 
the greater lengths of the conductors on a system in¬ 
crease the capacitance, and thereby introduce an ease¬ 
ment in the stress of circuit breaking. Mr. Leeson has. 
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dealt with this fully in his discussion, which confirms 
what Mr. Ferguson and Mr. Trencham have both ob¬ 
served, namely that tests in the field are less severe 
than those on a test plant. This affords an element 
of security to the user. The fact that circuit breakers 
operating on a system have a large amount of capaci¬ 
tance in parallel with the breaks may account for their 
satisfactory behaviour in positions where the vicinity 
short-circuits are apparently greater than the true ratings 
of the circuit breakers as proved on an individual test 
plant. 

Mr. Blandford accuses me wrongly of glossing over the 
vital few micro-seconds after the zero at which the arc is 
extinguished. In addition to Mr. Blandford, Mr. Coates, 
Mr. Ferguson, Mr. Trencham, and Mr. Pearce, all make 
inferences about the rate of rise of restriking voltage; 
but they will see that “ rate of growth is referred 
to on page 301, and my expressed desire is to establish j 
a standard test-circuit that will control the happenings 
at this critical moment. For this reason, the restriking- 
voltage interpretation (page 319) is most specific. 

Mr. Leeson's clear and constructive contribution will 
do much to establish the constants for the standard 
test-circuit, and when we have reached an agreement 
in Great Britain the next step will be to make a move 
to secure international uniformity. 

(&) The Standard Test-CircuiL—Mr, Coates wishes to 
compute test-results from readings direct from the 
oscillograph, but in common with others he declares 
the rate of rise of the restriking voltage to be the im- 
Iportant factor, rather than its amplitude. He realizes, 
however, the unfortunate difficulty that exists in measur¬ 
ing this factor, at any rate for the present. Hence there 
seems really nothing left for him but to agpe with me 
in taking its equivalent from the test-circuit constants. 
This requires a determination on a standard basis, and 
when this is agreed upon the performance results will 
be computed simply from the oscillograph current- 

record. . 

Mr. Coates suggests that standard pressure and travel 
recorders are also essential. This may be so, if the 
intention is to compare different makes on the basis 
of the data so furnished; but, interesting as that might 
be, it is hardly essential, since the factors do not affect 
the test-circuit standard of severity. Travel and pres¬ 
sure records would only have to be standardized if it 
were necessary to standardize the detadls of the design 
and operating characteristics of all circuit breakers; but 
that is not the present intention. We shall make quite 
I sufficient advance if we standardize the meaning of 
I rating as compared with test and service perforinance. 

^ When the purchaser is assured in this way, he will not 
need to compare tank-pressure tests, speeds of breaks, 
and a host of other items, as he probably does now in 
a rough and ready endos-vour to work out for himself, 
and in his own way, what the standard test-circuit 
should do for him on scientific lines in the future, 

Mr. Coates is surprised “to see that it is usual to 
generate direct from 3 300 to 22 000 volts. I almost 
hesitate to take him seriously, for he must know that 
there is direct generation at 3 300 volts, and at the 
upper end of the range the proposals, if anything, cio 
not go far enough, because, as he must also know, thete is 


already direct generation at 33 000 volts at Brimsdown. 
I submit that, considered widely enough, Proposal (xi) (a) 
is true; and there is the further point, which is really 
the ma.iTi issue, namely that the test circuit for the 
ascertainment of standard ratings, within the range of 
voltages specified in Proposal (xi) as a whole, must 
be of one standard of severity; and the proposals do 
actually recommend a practically convenient basis of 
division into groups. 


. BEFORE SHORT-CIRCUn| DURING SHORTrCIRCUIT |AFTER SHORT-CIRCUIT • 

SHORT CIRCUIT FINAL ARC 

APPUED EXTINCTION 


DC. COMPONENT- 
CURRENT 


PHASE B 


PHASE 


PHASE R 



RECOVERY 


voltage-^ 

1*5 TIMES 
THAT OF 
PHASE B 
OR W 


Fig. P.—Diagram of typical 3-phase, asymmetrical short- 
circuit, illustrating {a) Factors for calculating perform¬ 
ance; (6) Voltages for determining severity. 


KoTE.^Neutral insulated; recovery voltage 80 per cent; power factor 0*1 
laggii^; arc extinguished first on red phase. Fijw restrxking-voltage 


(c) Definition of Terms for Voltage Phenomena. —^Al¬ 
though I appreciate the point of Mr. Blandford^s defini¬ 
tions, the voltage when the current ceases is no longer 
restrikihg but recovering, and the recovery then becomes 
an intermediary stage to restoration. But, on the other 
hand, the voltage is not fully restored until it settles 
down, or up, as the case may be, to the applied voltage. 
Hence, considering everything, I trust that he will help 
to avoid confusion by using the following terms, which 
are illustrated in Fig. P, to define the difierent voltages 
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that exist in a circuit before, during, and after a short- 
circuit on a circuit breaker in that circuit. 

(1) Applied voltage is the R.M.S. value of the normal- 
frequency voltage that exists at the initiation of the 
short-circuit. 

(2) Restriking voltage is the series of high-frequency 
voltage transients that exist at the zero-current pauses 
during the arcing period, together with the final and 
more pronounced high-frequency transient that begins 
at the instant of arc-extinction. Its magnitude is 
measured on a peak-value basis, and its severity also 
depends upon its rate of rise. 


(d) Appendix I andB.S.S, No. 116—1929.~-Mr. Coates 
and Mr. Pearce are in agreement with the paper in 
referring to the need for cathode-ray oscillograph in¬ 
vestigation into the restriking voltage phenomena, and 
for a clarification of the means of interpreting an oscil¬ 
lograph record in terms of a kVA performance. Mr. 
Coates is aware of the vagaries of the voltage pheno¬ 
mena, and yet he suggests that all that is necessary 
to make B.S.S. No. 116—1929 serve our present purpose 
is to define recovery voltage. He proceeds, however, 
to make the solution more remote by proposing the 
indefinite method of taking the mean of the first two 


Table A. 

Relative Short-circuit hVA Performance Values obtained hyJDifferent Methods of Calculation from the Factors 


illustrated in Fig. P. 


Method 


1 

2 

3 

4 

5 

6 

7 

8 


The sum of the products in each phase of 


Current components 


British and 
American 


Continental 


A.C. and D.C. 
A.C. and D.C. 
A.C. and D.C. 
A.C. and D.C. 

A.C. 

A.C. 

A.C. 

A.C. 


Voltage 


Rated line/V^ 

Recovery: at arc extinction bn each 
phase 

Recovery: at arc extinction on last 
phase to break 
Separation 


Rated line/V 3 

Recovery: at arc extinction on each 
phase 

Recovery: at arc extinction on last 
phase to break 
Separation 


3-phase kVA broken 


Neutral 

so % V 

100 % V 


per cent 

per cent 

Insulated or 

100 

100 

earthed 



Insulated 

93 

1171 

Earthed 

80 

lOOj 

Insulated or 

80 

100 

earthed 



Insulated or 

95 

100 

earthed 



Insulated or 

75 

76 

earthed 



Insulated 

70 

ss") 

Earthed 

60 . 

76J 

Insulated or 

60 

75 

earthed 



Insulated or 

71 

75 

earthed 




(3) Recovery voltage is the R.M.S. value of the normal- 
> - frequency* voltage that exists during the interval between 
the end of the final restriking voltage-transient and the 
restoration of the applied voltage. 

These terms appear to be generally acceptable to other 
speakers in accordance with the suggested definitions, 
and are also used in the proposed sense both in the 
paper and in this reply to the discussion. In support 
of the term restriking voltage,” I would emphasize 
the fact that the voltage-transient that occurs at each 
current-zero, and the voltage-transient that occurs at 
arc extinction, as shown in Fig. P, are in reality thp 
same phenomena. The only difference is that the tran¬ 
sient that occurs at arc extinction is more pronounced 
than those that occur during the arcing period, because 
the re-establishment of the arc eliminates the greater 
.part of the transient. In other words, the restriking- 
. "voltage transient is successful in its unwanted efforts 
during the arcing period, but unsuccessful at the par- 
ticular current-zero pause at which arc extinction occurs. 

i * Obviously, the frequency here called “ normal ” may differ rfighUy fro®^ 

\ frequency of the applied voltoge because of remanent effects of the short-circmt. 


half-cycles following arc extinction, or, alternatively, 
the line voltage, whichever is the greater. 

On the other hand. Appendix I of the paper recom¬ 
mends that the whole voltage characteristic shall be 
treated as a condition of severity, just as power factor 
is already treated. The criterion of performance is the 
value of the current made, carried, and interrupted, and 
so the method of measurement by current is the only 
definite one. Current values, however, are not easy 
either to memorize at different rated line voltages or 
to associate with plant sizes, and it has therefore been 
the practice, and is still necessary, to rate circuit 
breakers, and to state performance, in kVA. Values 
of kVA at tiie best are only arbitrary, and, as shown 
in Table A, are widely divergent according to the msmy 
different ways of ascertaining the voltage multiplier. 
Appendix I recommends the use of rated line voltage, 
and when this is coupled witii actual current measure¬ 
ments on a test-circuit of standard characteristics there 
will no longer be any doubt about the meaning of a 
declared kVA rating, It will be possible to compare 
all circuit breakers on a common basis, without the 
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delay that Mr. Coates anticipates will be necessary if 
the rate of rise can only be specified after research and 
measurement on an instrument not yet developed in 
..a form suitable for practical service. Mr. Pearce infers 
that I may adjust the power factor of the short-circuit 
test-circuit to the value of 0*1 specified in B.S.S. 
No. 116—1929, and may so obtain an easier test, because 
the adjustment reduces the rate of rise of restriking volt¬ 
age. Presumably he thinks that it always introduces 
additional capacitance; but, whatever the values may 
be, the practical experience remains that an easier test is 
obtained at a higher power factor. Moreover, the test- 
circuit, however it is adjusted to give the British stan¬ 
dard power factor, must always be more severe than 
the working conditions of a normal power station, on 
account of the difference in the lay-out of the conductors. 

I accept as good humour Mr. Pearce’s gibe about the 
frequency of the existing test-plant, which, as he infers, 
does not practice what the Appendix preaches; but it 
may nevertheless make a virtue of necessity, because 
of the claim that a test at 40 cycles is more severe than 
one at 50 cycles. 

{e) Ratings and Vicinity .—^The questions asked by Mr, 
Crocker, as well as by Mr, Haws at Middlesbrough, are 
very typical of what most users want to know at the pre¬ 
sent time. What rating of circuit breaker is suitable for par¬ 
ticular positions on the system? Mr. Winfield also refers 
to the different methods of rating, and particularly to 
variations between Great Britain and other countries 
in this respect. As Mr. Leeson has explained, it may 
take years of research, but eventually it will be possible, 
if the standard test-circuit is established, to tabulate 
for the guidance of users the margins on standard 
ratings afforded by specific conditions of service. The 
amount-of short-circuit calculated from the size of a 
generating plant and the impedance of a network to 
any particular circuit breaker on the system is the 
vicinity short-circuit, and when this is considered in 
relation to a standard circuit-breaker rating, as deter¬ 
mined on a standard test-circuit, the easements, such 
as those due to higher power factor and lower rate 
of rise of restriking voltage, may be taken advantage 
of, either as additional margin for safety, or to effect 
the much-desired economy by way of selecting circuit 
breakers of a rating lower than the vicinity short-circuit. 
Purchasers having the knowledge that circuit-breaker 
ratings were based upon a standard representing the 
most severe conditions of service would be in a position 
to exercise with confidence their discretion in regard to 
the allowances to be made for the reduction in stresses 
occasioned by the easements afforded by working com 
;-Editions. But it must always be remembered that these 
! easements do not enter into the problem of closing on 
^■;%hort-circuit. 

[f) Closing ow Mr. Ferguson says he 

cannot understand my statement on page 302 about 
closing circuit breakers on short-circuit. What I wish 
to infer is that insufficient attention has been given to 
this subject in the past. Notwithstanding the inclusion 
of the “ make ” test in the duty cycle, it is still not 
infrequent to hear reports of test-derhonstrations in 
which maketests are not included. Indeed, for 
large currents these are not so simple as tnight at first 


be supposed. It has to be remembered that the ease¬ 
ment secured by the current-decrement in the short- 
circuit transient when breaking is not afforded when 
making a short-circuit. The make ” is against stresses 
due to electromagnetic and thermal disturbances set 
up by the first few waves at the maximum-current stage 
of the short-circuit transient. The short arcs occasioned 
by any slight chattering of the arcing or main contacts, 
or by any tendency for the plunger bars to pump, set 
up distortion, burning, and very high static stresses 
within the circuit-breaker enclosure. On occasion 
(Appendix II) these stresses have proved to be as diffi¬ 
cult to deal with as those set up by breaking short- 
circuits. Hence I suggest that the reason for the apparent 
freedom from trouble on making short-circuits is the 
fortunate infrequency of the occurrence at full rating 
in practice. This rarity has led users in the past to 
overlook the necessity of providing for making-capacity 
as well as breaking-capacity in their specifications, and 
Mr. Ferguson will remember that it was not included 
in the British Standard Specification prior to 1929. 

(g) Tanks. —^Mr. Grove raises the very practical issue 
of round and rectangular tanks. I prefer the rectan¬ 
gular shape, because it gives a uniform space-allocation 
of tank volume for each of the phases, and allows room 
for an earthed metal conductor between phases without 
reduction of phase-to-earth clearances in a given tank 
volume. The vertical round tank tends to cramp up 
the phases, as Fig. Q shows, because of the waste volume 
over and above the required clearances to the tank walls 
on the middle phase, and owing to this, rather than 
for the reason of bad distribution of stress also suggested 
by Mr. Grove, the earth between phases may have to 
he cut out. Again, it is not possible always to resort to 
vertical insulation only, because the plunger bars sup¬ 
ported by insulating rods must be braced to withstand 
the mechanical forces between phase conductors during 
the passage of short-circuit current, and this introduces 
a horizontal insulating surface, which may be less than 
that of the usual rectangular-tank design owing to the , 
narrowed centres for an equal tank volume. Metal for ; 
metal, however, the round tank is stronger, or, in other || 
words, the rectangular tank of equal strength must hell, 
heavier in metal. Mr. Wilkinson prefers the round t 3 q)e, 
because some inferior old types of rectangular shape 
have burst under short-circuit tests; but the same thing 
applies also to round tanks when they are not strong 
enough. 

The most efiicient use of the round shape for circuit- 
breaker tanks is when the axis of the* cylinder is hori- i 
zontal, and not vertical, as advocated in the discussion. 
This is also illustrated in Fig. Q, which shows how the | 
rectangular section of the horizontal cylinder across the s 
plane in which the arcing contacts lie allows, as in the 
rectangular tank, not only for an equal clearance on 
all three phases, but also for an earthed attachment 
and metal barrier-rib between phases, for which there 
is no equiyalent facility in the circular section of the 
vertical cylinder. 

{h) Tank Pressuresr--This brings me to Mr. Ferguson’s 
statements-about tank pressures. Hydraulic pressure¬ 
testing of - circuit-breaker enclosures is a fundamental 
requireihent, and at this stage of switchgear progress 
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it may seem surprising to some users that it should be 
necessary to mention the point at all. In some designs 
of circuit breakers, however, a hydraulic test may be 
dif&cult to make, because the gasket joint between the 
tank and the top-plate, although thought to be quite 
good enough for switching-service, would leak too much 
to allow the requisite high steady pressure to be attained. 
Mr. Ferguson's machine would be very helpful here; but 
I prefer to use a tight, machined, flanged joint, which 
is cleaner, as well as flame-tight in service, and allows 
for hydraulic pressure-testing by the usual process of 
injecting pressure by means of a force pump. Mr. 
Ferguson's suggestion of tank type-testing by exploding 
gunpowder has been referred to at Institution discus- 
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Fig. Q.—Comparison of circular and rectangular tanks: 


(а) In vertical plane. 

(б) In horizontal plane. 

sions in the past, and was in fact the only means avail¬ 
able 20 years ago when my Company originated the 
strong enclosure as a simple solution of the breaking- 
capacity problems with which we were then faced on 
the North-Fast Coast. 

Referring to Fig. 38, Mr. Ferguson says that there 
is no proof that the impulse pressure of 950 lb. per 
sq. in. was safe on a tank made for a steady hydraulic 
pressure of 150 lb. per sq. in. The proof is that the 
tank withstood the test without permanent distortion; 
the records are available among many others of similar 
occtirrenGes. The tank was the ordinary commercial 
article; and, should doubt still exist, Mr. Leeson's 
records of explosion tests, the first of which were made 
in 1920, confirm authentically a high ratio between the 


momentary impulse pressure and the steady hydraulic 
pressure. 

(i) Air-cushion. —^Mr. Ferguson may feel satisfaction 
with lower tank pressures under test conditions, and 
these he doubtless secures, when plain contacts are 
used, by means of a large air-cushion and a domed 
top-plate. On the other hand, I prefer comparatively 
small air-cushions, in order to produce the very result 
he wishes to avoid, namely a high internal pressure, the 
reason being that all the pressure available is necessary, 
particularly at low fault-values, to suppress the arc 
quickly, and incidentally to eliminate the risk of secon¬ 
dary explosions of large volumes of gas. Experiments 
made at Hebbum on circuit breakers with air-cushions 
of about one-third of the total enclosed volume show 
that the arc may continue for twice or thrice as long 
as with more normal air-cushions, and that the stress 
is actually more severe because it is sustained over a 
longer period of time. A brisk conflict, firm and un¬ 
yielding, inflicts the least disturbance on the system. 
Indeed, the main virtue of boxed contacts of the ex¬ 
plosion-pot or baffle type, when^ they are themselves 
strong enough to stand the strain, is that they keep 
up the pressure on the arc. The unyielding tank, 
backing up the oil walls surrounding the arc, does the 
same thing, but from a greater distance. 

(j) Mr. Ferguson*s other ‘questions .—Replying to Mr. 
Ferguson's other questions in detail, and in the order 
in which they were raised, I would say: (1) The test- 
pressure record shown in Fig. 38 was taken, as I said 
at Manchester, with a Collins micro-indicator. This is 
of British make, and I know of none more accurate 
or more reliable for practical service testing. (2) The 
pressure record shown in Fig. 38 was obtained on Test 
No. 257 (page 327), the power broken being 180 000 kVA, 
and the rating of the circuit breaker 100 000 kVA, 
(3) Assuredly I should be in favour of allowing pur¬ 
chasers to examine curves of performances. (4) A long 
series of tests was taken on the 100 000-kVA circuit 
breaker at and below normal rating. They were 
easily performed, and presented no item of sufficient 
interest to be worth space in the Journal. Certainly 
none was omitted to cover defects. (5) It is true 
that one of the many tests, namely No. 100, resulted 
in a damaged tank at 133 per cent of normal rating. 
The cause, a mechanical defect after 14 tests, is explained 
on page 323, and it must also be noted that these circuit 
breakers, fitted with plain contacts and strong enclosures, 
stood well up to 240 per cent of their rrtiug. (6) As 
to the maximum breaking capacity advocated for hand 
operation, the confidence that one would have in operat¬ 
ing a circuit breaker direct must depend upon the 
strength of the enclosure, its competence to withstand 
sustained arcing, its condition, and the chance of its 
never being closed on a short-circuit greater than its 
making capacity. In the ordinary operation of a cir¬ 
cuit breaker there are no risks, because it would not 
be opened at a time coincident with the breaking of 
short-circuit current; and therefore direct operation has 
been used for circuit breakers of quite large capacity, 
up to, say, 250 000 kVA or even more. As a general 
rule^ however, I have found it reasonably economical to 
have remote operation for circuit breakers of 76 000 kVA 
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rating and over. It is really a matter for the user to 
determine on the basis of his operating conditions and 
on considerations of economy. (7) There is a mass of 
information available on the tests recorded ajid other 
tests; and the only intentional omission is again due 
to there being a limit to the amount that can con¬ 
veniently be included in the Journal, bearing in mind 
the necessity to keep the data within the limits of 
general interest. An indication of arc lengths is given 
in the record of arcing periods in half-cycles, and a 
typical pressure curve is shown in the paper. 

[k) Failures, —In support of the paper, Mr. Ferguson 
showed “ what breaking capacity is by putting on the 
screen lantern-slide illustrations of experiences as a 
result of which buildings were destroyed owing to the 
use of inefficient oil circuit-breakers; presumably the 
tanks were too weak to withstand the operating stresses. 
But it must not be thought that such explosions are 
brought about only by oil circuit-breaker troubles. On 
the contrary, there are records of destruction of build¬ 
ings occasioned by arcing outside of oil circuit-breakers; 
and thus, although oil may be contributory, and may 
have the effect of prolonging a fire, it does not follow 
that it must be looked upon as the sole cause of ex¬ 
plosions. I have yet to learn of any destruction of 
buildings occasioned by circuit breakers operating on 
short-circuit within their rating, when the strengths 
and dimensions of their tanks have been such as were 
recommended in my earlier papers and discussions. 
These were illustrated on a slide shown during the 
reading, of the present paper, and are reproduced here 
as Fig. R. In my opinion, what has to be feared most 
is a failure of insulation causing sustained arcing, and 
this is more likely to occur on exposed insulators than 
on insulators immersed in an insulating medium in 
metal-clad chambers. At Manchester, Mr. Ferguson 
cast doubt upon the reliability of a large proportion of 
the circuit breakers at present in service, and Mr. 
Wedmore says that ** there never was a time when so 
many supply engineers were uneasy as to the rupturing 
capacity of their switchgear.** I hold no brief for the 
majority; my only claim is that the tests recorded in 
the paper show that a typical British design of plain 
commercial form does perform satisfactorily with 

reasonable consistency.** 

{1) Factor o/ Sa/^^y.-^Mr. Ferguson and Mr. Blandford 
ask what factor of safety I would suggest for rupturing 
ability. (I notice that there is no reference to ‘' mak¬ 
ing.**) A safety factor of Ij to 1 without permanent 
distortion should suffice; but this is a very wide ques¬ 
tion, which cannot be as easily dealt with as can that of 
the factor of safety of an ordinary mechanical structure. 
I suppose it depends upon the degree of permissible 
injury to the circuit breaker. I think circuit breakers 
should withstand double their rating on breaking with- 
i out damage of a kind that would endanger human life. 

■ I say this not because I fear they may be so badly 
selected as to be used where the vicinity short-^circuit 
. is likely to attain this Overload value, but because they 
may be subjected to unforeseen sustained arcing con- 
ditions> to meet which some such precaution is necessary, 
; The factor of safety on “ making *' circuits involves 
consideration of the excess of the maximum making- 


current over the normal breaking-current, owing to the 
time factor introduced by the decrement of the short- 
circuit transient. Personally, I think it dangerous to 
grade down required ratings on the strength of the time¬ 
limit factor, but a circuit breaker selected on the basis 
of a 1 -second time-decrement might have to “ make ** 
up to as much as 6 times its breaking current, depending 
upon the reactance of the generator. On the curve 
recommended in the paper (page 319), namely Fig. 2 
of B.S.S. No. 116—1929, the maximum asymmetric 
making-current would be greater than the breaking- 
current; and, given certain coincidences of faults, a cir¬ 
cuit breaker may be called upon to separate its arcing 
contacts when carrying a current of this higher value. 

(m) Effect of Power Factor.—’Replying to Mr. Grant*s 
comments on the effects of power factor, my conclusion 
that the demand upon a circuit breaker is greatest at 
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Numbers represent rated kVA breaking capacity of complete circuit breaker, 
nnfi pounds per square inch hydraulic test-pressure of individual tanks. 


a low power factor is based not upon a few tests, but 
upon a large number made at Hebbum on circuit 
breakers of different sizes at power factors vailing ; 
between 0-1 and 0-5. These show very conclusively 
that the nearer the power factor is to zero, the greater) 3 
is the severity. This seems to be in accordance with 
the effect to be expected from the change in the mag¬ 
nitude of the voltage at zero current. Mr. Crocker asks 
about ratings for a vicinity short-circuit of 300 000 kVA 
at 0*5 power factor (presumably this is the short-circuit 
power factor and not the normal-load power factor). 
Considerable easement should be expected from the 
0*5 power factor as compared with ratings determined 
upon a 0;1 power factor, in addition to whatever bene¬ 
fits may accrue from field service being lighter than test 
service, and it is reasonable to suppose that a circuit 
breaker of smaller rating, with a proved factor of safety, 
would serve the purpose well. 

(n) Earthing on the Test Plant, —^It is apparent that 
Me proposal in Appendix I (page 320) is not clear to 
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Mr. Coates. It is not to be understood as meaning 
that it is British practice to insulate the neutral point 
below 66 000 volts. The contrary is known to be true, 
but insulating the neutral point on the supply side of 
the test circuit for the purpose of the test covers also 
the prevalent practice of earthing below 66 000 volts 
through a “ comparatively high resistance/' and in 
addition makes the test conditions more severe than 
actual service conditions (see Mr. Leeson's Fig. D). 
Mr. Ferguson does not favour tests with the neutral 
earthed, because an earthed neutral greatly relieves the 
stress. The Appendix agrees with this view, but makes 
an exception for voltages of 66 000 volts and upwards, 
because this complies with the practice in service on 
the British grid. 

Stress Limitation, 

[a) Types of Contacts, —^Mr. Trencham is disappointed 
that the progress of circuit-breaking devices has not 
been more fully treated. He was not present at the 
reading of the paper, or he would have seen the series 
of diagrammatic representations of the plain, boxed, 


had not been published, and the results of the most 
recent experiments with the E.R.A. baffle " contact,*^ 
of similar kind, were not offlcially accessible to me. 
These contacts have side openings to direct turbulent 
oil and gas across the path of the arc. Since the paper 
was written tests made at Hebbum on a device similar 
to the " baffle," to which the name turbulator " has 
been given, go a long way towards showing how to meet 
the demand for circuit breakers, in accordance with 
Mr. Wedmore's forecast, having two to three times the 
present breaking capacit}^ without increase of dimensions, 
presuming that outside dimensions only are in question. 
These tests were made on an existing 250 000-kVA 
circuit breaker with the addition of special boxed tur¬ 
bulator contacts, and were carried up to 500 000 kVA 
at 11 000 volts. After a few failures a correct design 
of box was arrived at, and the 2 to 1 margin over rating 
was secured without any sign of distress. Table B 
describes briefly the results of representative compara¬ 
tive tests on the 250 000-kVA circuit breaker with 
turbulator contacts and on another of the same rating 
I with plain contacts. 


Table B. 


kVA broken at 

11 000 volts 

With turbulator contacts | 

With plain contacts 

Arcing 
period, in 
half-cycles 

Total length 
of arc 

steady pressure 
on tank-sides 

Arcing 
period, in 
half-cycles 

Total length 
of arc 

steady pressure 
on tank-sides 

160 000 

273 000 

350 000 

500 000 

2-0 

2-0 

1-0 

0*5 

in. 

2*13 

2*50 

2-00 

1-00 

Ib./sq. in. 

15 

45 

40 

40 

4-5 

4-0 

1*5 

Nc 

in. 

5*60 

4*75 

3*25 

>t tested at this \ 

Ib./sq. in. 

100 

125 

150 

ralue 


and blast devices shown on the screen. These are 1 
reproduced here (Figs. S to Y) as a brief bird's-eye 
record of the various devices known when the paper 
was written. Of these, for very large currents, and in 
view of the need for making as well as breaking, the 
plain contact has much in its favour for simplicity and 
all-round general service, particularly when some fora, 
such as that shown in Fig. V, affords discrimination 
between making and breaking, the make being on a 
separate anti-chattering contact at close centres, and 
the break on ordinary heavy contacts at wide centres. | 
This reduces the combined electromagnetic and therino- 
explosive kick-off forces on making, without interfering 
with the use of these forces to the full for breaking. 

I suggest that to make 250 000 peak ampe/es on ^ a 
6 600'volt circuit would be difficult with circuit-breaker 
contacts of the boxed class, bnt it has been proved by 
Test No. 419 (page‘327) to be. possible with plain con¬ 
tacts. , The Grant quenched-arc type of boxed contact,: 
although at first it showed promise on lower-power 
tests, was unsuccessful at higher powers. (This answers 
a question raised by Mr. Stedman at Middlesbrough.) 

My reply to Mr. Grant is that at the time of writing 
the paper, information about the " cross-jet" contact* 

H. Pearce stad T. T. Evans: Some Notes on Oil Circuit-Breater Design 
and Performance,’ * paper read before The Institution 17th March, 19<J2. 


The recovery voltage during the tests was of the order 
of 80 to 85 per cent of the line voltage. 

, (6) Limits of " The rating is incomplete, 

however, without the " make " performance, and to the 
requisite greater cost of the contact boxes there must 
be added the cost of improved mechanism at those 
voltages where the limit of the existing mechanism is 
the maximum current carried when making a short- 
circuit corresponding to existing ratings. With the same 
disposition of conductors, an increase of 2 to 1 would 
increase the “ make" kick-off forces in the ratio of 
4 to 1, and a trebling would imply a 9 to 1 increase. 
This may be possible with some existing types, but if 
the design is already within fine limits, the increase of 
breaking capacity by the mere addition of special con¬ 
tacts does not accomplish everything, nor does it repre¬ 
sent the only extra cost. Although the addition of such 
arc-control devices, when they are applied under suit¬ 
able conditions, does increase the margin in breaking 
capacity, we have still to ascertain the limits beyond 
which such devices, taking into account circuit-making 
as well as circuit-breaking, may introduce complications 
in design tending to produce mechanical weakness and 
possibly dangerous sustained arcing. 

Time is required to obtain all the test data necessary 

• British Patent No. 366998. 
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to) Plain finger sparker. 
(d) Roller butt. 


PiQ, S,—^Diagrammatic operation of arcing contacts (plain) 

(c) ~ 

if) 

ib) 


(b) Plain leaf butt. 

(e) Anti-chatter butt. 


(c) Butt. . , 

(/) Anti-chatter butt (with arcing horns). 








FiO. T.-^Diagrammatic operation of arcing contacts (plain). 

* • - . -V Vertical blowout (spUt arc). 


ia) Dashpot finger (multiple point)/ ‘ 
id) Multi series break* («) 


Vertical blowout (single break). 
Reactance (resistance) break* 


lot. 71. 
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to determine the safe limits in making and breaking 
current, and to show how to avoid the bursting of boxes, 
the harmful effects of which would obviously far more 
than counterbalance any intrinsic advantages of the 
boxes themselves. Meanwhile it is, safe to say that the 
present explosion-proof tank enclosure must continue 
to be used, not only as a second line of defence against 
accidents to the more crowded inside parts, but as a.n 
aid to breaking by maintaining the high pressure re¬ 
quired in the immediate neighbourhood of the arc for 
the shortening of the arcing period. 

So far I have found that, for existing ratings of the 










/ (/ 
I I 





{a) Baffled explosion pot 
(c) De-ion grid. 


(6) Plain explosion pot. 
Id) De-ion air break. 


“* 1'*'^ I'l'T-VU 

order of 1000 000 kVA, since some ns 
introduced by the additional device s. ^ . I ^^ ^ I, 

(c) Oil-less Circuit Breakers, —-Mr. ,h«, 

circuit-breaking on the "‘expansion 
accordance with which de-ionization occn - ^ ^ _ ^ 

rated vapour. My endeavours to siu uc- 

breaker of this kind for test have ^ 

and hence my knowledge of the operatic i ^ ^ piJitU 

circuit-breakers is nb more than is ; t iM - 

information, in which, incidentally, y ' l 

'making characteristics are not describee . ^ I 

appear that for large currents it is the |>i w ih 

a separate air-break current-switch in a t * ^ 

expansion device. This, with its 

the choke devices found to be necessaty " 

sharing, adds to the number of ‘bare ^ 

insulators; and it also tends to delay ‘ ^ 

Moreover, no saving in cost over that 
I circuit breakers has apparently been made a.s yi .. 


Fig. W._^Diagrammatic operation of arcing contacts (boxed). 














Fig. X.—^Diagrammatic operation of arcinpc (I L 


(a) Oil-bast explosion pot. 
(c) Oil-blast baffle. 


(&) Gatf^ nil 4»l>t . 

(ci) Semi- iui nr •?: ♦ < 


order of 1 000 000 kVA and upwards for normal gene- 
rating-station service, contacts of the plain type have 
the advantage of the simplicity for which Mr. Trencham 
calls, and, moreover, they embody this desirable feature 
to an extreme degree. In comparison with the mul¬ 
titude of alternative contacts and blasts, nothing can 
be simpler or cheaper to produce and to maintain for 
metal-clad switchgear than plain contacts in^ robust 
metal tank-and-top-plate enclosures. That this is so 
is especially clear when it is remembered that these 
enclosures are still required, no matter what form of 
intricate contact may be devised with the object of 
increasing the margin of safety in breaking capacity. 
Even if it is possible, by the addition of a boxed-con- 
tact device, to add 50 per cent to the test-performance, 
the rating of the circuit breaker should still be of the 


It has been said that the degree of expfinNbjii r 
by the current must not be less than a. ib fuutrr 
mum, below which it may be insuflick^it i*> 
guish the arc by the expansion proces.s. Coasj< 
attention appears to have been given ti:;i this 
One interesting proposal* for dealing witli it vvii-? 
a second chamber acting as a water-rei-ihibt Hri- 
in parallel with the expansion chamber. If 
adopted, the likeness to the old watei>l 4 rtT* l< ^ 
would be more striking, since over a Iargi‘r i ;?? 
current would be broken by means of a 
break. 

In my opinion the expansion type, like* ilu' 
type, will not make progress in its present h \ 
security of insulation is an even greater prnn^irs 
* British Patent No. 364315, accepted 7tVi J ;5 giU.s 3 v 1: . ; : 






CLOTHIER: METAL-CLAD SWITCHGEAR, 


tial than perfect circuit-breaking. The insulation has 
to withstand stress during all the time that the circuit 
breaker is in circuit, whereas the circuit-breaking device 
itself may operate only very infrequently. Complete 
immersion in oil or compound is an invaluable pre¬ 
servative in metal-clad construction, whereas the in¬ 
troduction of moisture is the very antithesis of the 
durability of insulation. The attempt in Germany, 
first with air-blast circuit breakers, and then with ex¬ 
pansion circuit breakers, to remove troubles that it may 
be thought can arise from oil, may itself lead to running 
into more serious trouble because of exposed conductors 
and insulation. 


that surface I would expect them to melt down imme¬ 
diately on making circuit. Metals that will not weld 
together are of course chosen. 

Saving Switchgear. 

Mr. Highfield refers to the question of dealing with 
760 000-kVA short-circuits on existing 50 000-kVA 
switches. This is indeed a serious problem, and I do 
not know how it is going to be solved. Some form 
of group-switching (page 304) may be used to meet it. 
The conditions of such situations will be made clearer 
by a detailed study of the vicinity short-circuit at each 
switching-centre on the system, and of the easements 





Fig. Y.- 

Old water break. 
Open-air blast. 


-Diagrammatic operation of arcing contacts (blast). 

(6) Liquid (water) expansion switch. (c) Controlled air blast. 

W Impulse oU breaker. if) Oil blast. 


{d) Multi-breaks.—Ml, Cranmer asks about the per¬ 
formance of multi-breaks. These are included in- the 
plain-contact class, and for high-voltage working prob¬ 
ably represent by far the greater proportion of British 
practice to-day. Their function, in addition to increas¬ 
ing the speed of break, is to bring about an increased 
efficiency in the utilization of the oil volume; and their 
performance is satisfactory. The future may settle the 
present rivalry between multi-break contacts and some 
form of boxed contact for high-voltage service, in which 
the problems of heavy current are not so acute as at 
lower voltages. 

(e) Steel Arcing-Contacts.—I have not come across the 
difificulty found by Mr. Grant, that globules on steel 
arcing-contacts cause incipient arcing on heavy-current 
circuits. The globules are generally away from the 
contact-making surf ace; but if any were to appear on 


to which I have already referred. The fuse is an econo¬ 
mical device in some places of lesser importance, when 
a small system is linked up with a large one, because 
a small fuse has the characteristic of“ limiting the amount 
of current that it will pass instantaneously. If the fuse 
is small enough, and the vicinity short-circuit is large 
enough, the fuse will blow before the first wave of the 
short-circuit transient has time to reach its maximum 
peak value. As another solution, where maintenance 
of supply is of prime importance, Mr. Highfield might 
find some scope for the syhchronizing-at-the-load " 
system (Fig. 40, page 303) as a means of reducing the 
required breaking capacity of the main circuit-breakers, 
since the load itself is used as a limiting reactance. I 
would also refer him to the '^secondary network 
mentioned by Mr. Trencham, which seems to be very 
much to the point. 
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Mr. Kidd claims that the credit for the idea of the 
single-switch substation attributed in * the paper to 
Mr. Beard belongs to a Manchester engineer. The 
paper refers to a development, illustrated in Fig. 39, 
of the particular form of substation introduced by- 
Mr. Beard, and called at the time single-switch." 
The fault lies in the fact that the title is too general. 
There ar^ obviously, many ways of effecting economy 
in cutting down the number of circuit breakers, but 
the scheme referred to by Mr. Kidd is different in 
principle from Mr. Beard’s, in that the circuit breaker 
is used for group control of the transformer circuits, 
whereas Mr. Beard uses it as an automatic protective 
device for sectionalizing a ring main. As a still earlier 
item in the history of switchgear connections, also in 
Manchester, Mr. Kidd will probably remember a single¬ 
switch application where a number of high-voltage feeder 
circuits were closed and opened through a single water- 
break resistance switch. 

Safety of Men Working on the Line, 

I am in full agreement with Mr. Crocker on the need 
for simplicity, and for greater care on the part of the 
manufacturer for the convenience and safety of opera¬ 
tors. A multiplicity of types must be a great handicap, 
and earthing devices have not always been tried out 
sufi&ciently by designers to avoid taxing the patience 
of the users. It is with this in mind that alternative 
designs have been recorded in the paper. 

Fault-Current Limitation. * 

Mr. Buist refers to the ohmic value of earthing resis¬ 
tors. When applied to circuits working at voltages of 
the order of 6 600 volts they are usually of low resis¬ 
tance, and I agree that, unless the earth-plate contact- 
resistance is taken into account, erroneous values for 
the protective-relay settings will be obtained. In com¬ 
parison with earthing resistors applied to circuits of 
voltages of the order of 33 000 volts, for which resis¬ 
tances of .about 19 ohms may be used, to pass currents 
of approximately 1 000 amperes, the earth-plate resis¬ 
tance can usually be neglected, since it is small com¬ 
pared with that of an earthing resistor. To overcome 
the uncertainty introduced by the earth-plate resistance 
in networks at voltages of the order of 6 600 volts, the 
earthing resistor should have a slightly smaller resis¬ 
tance than the total value aimed at, so as to allow for 
the resistance of the earth plate. The earthing resistor 
must be such that the earth-current passed on the 
occurrence of a fault is equal to at least twice the fault¬ 
setting of the protective relays on any part of the 
system, thus giving a factor of safety of 2. 

Tripping Batteries, 

In reply to Mr. Shipley, even in the tropics the 
renewal of the electrolyte should not need to be more 
frequent than once every two years. It is probable that 
the infrequency of the renewal is contributory to the 
trouble he describes. Nevertheless, it seems weak ^ to 
change a type because of operators’ errors in renewing 
with acid instead of with alkaline electrolyte. If such 
mistakes can be made now, is it not just as likely that 
alkaline electrolyte would be put into the acid cells, if 


they were adopted? I have heard of natives using 
starch for puddings. 

I am glad to have Mr. McKinnon’s correction on the 
construction of the nickel-cadmium battery,* and his 
confirmation of the possibility of using a trickle-charger 
for this type. It is to be noted that Mr. Grant finds 
the alkaline battery desirable in many ways. 

Crid-Control Rectifier, 

Mr. Taylor asks about a grid-control rectifier as a 
switch, and his question I'aises a new consideration of 
power-distribution problems. I understand that in place 
of each circuit breaker there would be a valve to carry 
the power current through a grid-controlled electron 
stream. Although this is an interesting thought, which 
may be realized in the future, the difficulties of carrying 
present power loads in this way make it impracticable 
for the time being. Presumably the circuit-breaking 
on this system would be done on the high-voltage side 
by a suitable control of the filament or grid circuit. 
Otherwise, I should say that switching unidirectional 
high-voltage current would be much more difficult than 
switching a plain alternating current. 

Bakelite in the Tropics, 

Mr. Orchard asks about reliability of bakelite insu¬ 
lation under semi-tropical conditions. Porcelain is fre¬ 
quently preferable, on account of its better surface 
durability; but a large number of bakelized-paper in¬ 
sulators have been supplied to tropical and semi-tropical 
countries and are giving satisfaction when immersed in 
oil or compound. When continuously exposed to^ a 
humid atmosphere, the surface of bakelite may require 
special treatment. 

Cleaning Orifice Insulators. 

Mr. Mellonie suggests a fitting to clean orifice insu¬ 
lators when they are alive. Such devices require great 
caution, and I consider it definitely preferable to leave 
cleaning alone until the conductors can be made dead 
and earthed. The trouble is that, however safe the 
fitting might be made, some person doing the operation 
would be only too likely to put his hand into the orifice 
in a moment of forgetfulness, perhaps to remove some¬ 
thing that the fitting had left behind or that had not 
been cleaned away. 

Automatic Isolation of Faults. 

Limitation of Damage . 

Mr. Winfield says that with modern machines it is ; 
now preferable to trip the main field-switch simul- | 
taneously with the main circuit breaker, instead of ? 
, immediately after, as stated in the paper (page 308). | 
I would welcome confirmation of this from the makers ; 
of generators. 

, Present-Day Practice, 

One unusual feature of the discussion, perhaps satis¬ 
factory to the reader, is that no additional protective 
system has been put forward. This indicates that the 
subject' is now written up to the point of saturation; 

. * lacorrectly referred to in the advance copies of the paper as “ nickel-iron. 







Fig. Z.—Diagram illustrating the principle of the time-distance discriminating 
' unit of the reactance-type ratio balance protective system. 

(1) Current coil. (2) Voltage coil. (3) Resistance. (4) Stop. (5) Trip circuit. 


of selection for adaptability to-situations and conditions, 
there will be many incidents and some ** grief, * and 
that an authorized and impartial body should collect, 

; analyse, and study the experiences, in view of the great 
■ importance to the future reputation of electricity supply 
^ of continuity in all parts of the country when the whole 
national system is interconnected. 

I We have it on Mr. Ross's own frank admission that 
; the experience of the impedance type of time-distance 
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give an appropriate margin of time for faults on adjacent 
feeders. Mr. Ross, after referring to (&), asks, in effect, 
whether it is worth while to have the “ theoretically 
more perfect" system for the sake of the remaining 
30 to 25 per cent of the length. My answer is ** Yes,'" 
because this is the most critical part for accnrate dis¬ 
crimination. If the two systems are properly designed 
for their respective purposes, one is no more complicated 
than the other. Indeed, the main elements of the two 
systems, namely the time-distance discriminating 
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elements, could hardly be distinguished from each 
other at a first glance if both were made by the same 
manufacturer, because the difference between them is 
merely in the method of utilizing the magnetic fields 
produced by the current and voltage coils. In the 
impedance, system, each field provides its own torque, 
and these are put in opposition to each other; and^in. 
the reactance system illustrated in Fig. Z, in wliich 
the resistance-component of the impressed voltage is 
cancelled out by the very simple device of having a 
current coil (1) on the same limb as the voltage coil (2), 
the two fields co-operate to produce a single torque. 
The removal of the current coil from the limb referred 
to, the addition of shaded pole-tips, and the separation 
of the two magnetic fields for the purpose of a mechanical 
balance instead of magnetic co-operation, would make 
the reactance relay into an impedance relay. The 
difference between the two forms cannot rightly be 
described as a complication; indeed, if anything, the 
reactance relay is the simpler. With particular refer¬ 
ence to Mr. Ross’s impedance system, there is, in fact, 
in respect of actual total numbers of elements of all 
kmds, for equivalent service, nothing to choose between 
it as a whole and the ratio-balance system, which 
embodies the two advantages of a null method of 
distance measurement and accurate timing by means 
of a clock common to a group of elements protecting 
a feeder end, Mr. Ross’s substitute for which is the less 
accurate device of an induction disc operating through 
a torsion spring in each time-distance discriminating 
element. 

Mr. Ross suggests the possible need for additional 

rejectors” (or high-frequency chokes, as they axe 
called at B in Fig. 66) on tbe superimposed interlock 
system of protection, presumably because he fears ^at 
the signals may be short-circuited by the other lines. 
These may be necessary in some applications, but tests 
so far made on 66 000-volt lines and on 100 miles of 
132 000-volt line have been satisfactory with rejectors 
on one line only, as shown in Fig. 66. Interference 
between adjacent sections is provided for by the use 
of different high-frequency carrier currents. To point 
out the dependence of the system upon the life of hot- 
cathode valves is perhaps a natural criticism; but Mr. 
Ross must not judge from ordinary domestic wireless 
experience. Wonderful as are the improvements that 
have been made, and great as are the future steps 
towards perfection that may be expected in this service, 
tlie valves used for it are comparatively of a low grade, 
whereas, to ensure reliability, the valves for protective 
gear, like those used in the valve repeater stations of 
the Post Office, are selejcted from the pick of all pro¬ 
duction. Reliability of operation is further obtained 
by provision for easy testing for deterioration of the 
valves and other apparatus, by periodic replacement, 

; and by an automatic alarm in the unlikely event of 
: an accidental failure. ^ 

Of Appendix III it has been said that the arrange¬ 
ment of electrodes used in the test does nOt correspond 
to practice, both because the gap was horizontal and 
because it was too long. But faults may occur between 
lines as well as from lines to framework, and, further, 
• wind tends to elongate the arc, And the^-^ 


from the fuse used to initiate the arc is not present in 
service. Hence the tests carried out are representative 
of average conditions. In addition, I think that Mr, 
Ross and Mr. Cranmer are not correct in assuming that 
the length of the arc remains the same as the distance 
between the initial flash-over points. In flash-over tests 
made with post insulators, an arc at only 20 000 volts 
travelled 14 to 15 ft. almost instantaneously along a 
neighbouring earthed rail, and what appeared to be 
metal from the live conductor was actually deposited 
on the burnt splashes of the rail at that distance away. 
Mr. Paul Ackerman, as a result of tests made in Canada, 
refers to the possibility of an arc of 1 000 amperes at 
110 000 volts having a critical length of 370 ft. It 
occurs to me that Mr. Ross and Mr. Cranmer must be 
accustomed to think in terms of a voltage flash-over 
test with comparatively small power behind it; but the 
behaviour of an arc with a power system behind it is 
very different. It floats out and waves like a flag, and 
simultaneously with its fading away when it reaches 
great length another arc may instantly establish itself ; 
across the post insulator and follow a similar course. : 
Tests have not been made with an actual chain insulator; 
but, judging from tests on vertical post insulators that 
have been made, the shape and type of the insulator, 
and its position, do not affect the resistance of the arc 
once it has been established. Mr. Cranmer raises the 
question of current values. The deductions of the 
paper (page 328) are based upon currents of the order 
of 500 amperes. If they were based upon the 200 
amperes suggested by Mr. Cranmer, Fig. 76 shows that 
the errors of impedance protection given in the paper 
would be greatly increased. Mr. Wedmore suggests 
that the presentation would be simplified if the results 
were expressed in terms of voltage-drop per unit length 
of arc; but the difflculty is to measure with any degree 
of accuracy the length of an arc waving about violently 
in the air. 

Mr. Ross asks how the R.M.S. values shown in 
Appendix III were deduced from the oscillograms. 
The test-circuit contained a large amount of impedance 
in series with the arc, inserted for the purpose of keeping 
the current in the circuit constant even when the arc- 
resistance varied, so that the distortion of the current 
wave-form was negligible. The slight distortion present 
in the voltage wave-shape was not taken into account 
in calculating the R.M.S. values, but the effect of neg¬ 
lecting the harmonics is very small, since they have to 
be added vectorially to the fundamental: a 20-per-cent 
harmonic affects the R.M.S. value by 2 per cent only. . 
Further, the design of the ratio-balance (reactance) 
relays is such that the effect of wave-distortion on their 
operation is negligible in practice. 

I have noted Mr. Ross’s claim of satisfactory opera¬ 
tion for impedance protection in Scotland. Future 
results, added to experience of operation with his type 
of protection in South-West England, where the arcing 
loads may b© lighter owing to the greater distances of 
lines from large power stations, will be a deciding factor 
in controversy of impedance versus reactance 

measurement. 

Mr. Ross raises an interesting point about the possi- ; 
bility that the direct-current component of asymmetric 
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short-circuit faults may cause inadvertent tripping on 
Merz-Price balanced-voltage systems; but an as3nii- 
metric current entering one end of a sound section 
leaves it at the other end, and, whether or no there 
are direct-current impulses, the experience of a very 
large number of hea\^-current balancing tests with the 
equivalent of very long and very short pilots shows 
that, if present, they are ineffective. The only abnor¬ 
mal frequencies that may cause inadvertent operation 
are those that do not pass through both ends equally, 
and the effects of these, when existing, are removed 
by tuning. I agree on the acid test of service, and 
hence I would stress the country's need for an impartial 
observation of results, because I feel that the issues 
involved are too great to leave entirely in the hands 
of competitive manufacturers. 

Mr. Wilson, in his references to protective systems, 
deals’ particularly with the -possible changes that we 
may have to make to get back to the starting-point 


such that all the high-frequency currents do pass through 
the restraining coil, it seems to me that their effect must 
be to increase the restraint on the operation of the 
relays under both healthy and faulty conditions, be¬ 
cause the mechanical balance- upon which operation 
depends cannot differentiate between frequencies. In 
a healthy section this increased restraint is necessary 
for stability; but unfortunately the same increased 
restraint will exist in a faulty section, with the un¬ 
desirable result that the normal-frequency fault-current 
for tripping must be greater to an unknown and variable 
extent. This would mean that the McColl system does 
not comply with two fundamental requirements of pro¬ 
tection, namely that high-frequency out-of-balance 
currents shall not adversely affect the stability of 
healthy sections, and that in a faulty section they shall 
not increase the normal-frequency tripping fault-current. 

I, too, believe in the possibilities of split-conductor 
protec’tion when applied to parallel feeders. If an 



Fig. AA.—Diagram illustrating resistance-distance characteristics between two earth connections. 
The ordinates represent the resistances between the points at which they are measured and the general mass of the earth. 


' at instantaneous release on account of the risk that 
plant may run out of step even with a small time-lag. 
i He is hopeful of the carrier-current or superimposed 
interlock system, and suggests that the Kapp-Carrothers 
(duplex) scheme is of a similar type, and should also 
meet the conditions; but I understand that, so far, a 
similarly economical and practical method is not avail¬ 
able for the transmission of signals by superimposed 
high-frequency currents with the duplex system. 

Mr. Wilson claims that the McColl bias system of 
feeder-protection without tuning complications is quite 
unaffected by high-frequency surges, and that other 
vagabond and harmful currents all pass through the 
restraining coil of the relay, and hence stabilize the 
system instead of tending to make it trip. It is not 
clear that all the high-frequency currents will flow 
ehtixely through the restraining coil, and so conveniently 
avoid energizing the operating coil. It seems possible 
that the distribution of the high-frequency current 
through each coil depends upon the capaci’tance of the 
pilot wires, that is to say, upon their length, and it 
would appear ’that “the pure McColl system must be 
subject in some circumstances to inadvertent tripping 
of healthy sections. If, however, the conditions are 


existing system h,as to extend the carrying capacity of 
its mains, nothing could be simpler, and at the same 
time more economical, than to put a new main along¬ 
side of the existing main, and to join them both up 
to the busbars through one panel. I think that new 
ring mains, as long as they are comparatively unim¬ 
portant, might be protected by some time-class system, 
but when they become sufficiently loaded to warrant 
additional cables the reinforced sections could be cheaply 
and thoroughly well protected by split-conductor equip¬ 
ment. 

Safeguarding Telephone Systems, 

Mr. Bartholomew emphasizes the desire of the Post 
Of&ce for the protection of its cables from the results 
of faults on power systems. He asks how the proposed 
figure of 60 yards was arrived at, and wishes to have 
details of tests. The 50 yards from the power-station 
earth plate, which should be on the outskirts of the 
building, was an empirical distance selected with a 
view to obtaining a piece of ground likely to give the 
necessary clearance from any other earthed metal in 
contact with the power station. Distance and resistance 
measurements, as shown in Fig. AA, have been made 
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between two dissimilar earths. Actually the potential 
difference between the ground surrounding each earth- 
connection and the general mass of the earth falls very 
rapidly in the first two or three feet, and becomes neg¬ 
ligible within three or four yards.* The power tests 
mentioned in the paper are those referred to at the end 
of Appendix IV, which showed that the proposed pre¬ 
cautions are adequate from the point of view of pro¬ 
tecting relay apparatus from the effects of short-circuits 
on the associated high-voltage current transformers. 
Care is essential to avoid short-circuiting the fault- 
current paths by the lead sheaths of small cables, and 
it is valuable to have a record of Mr. Bartholomew’s 
experience and conclusions. A case of trouble on pilot 
wires occurred in France owing to defective earthing, 
and damage to plant happens because of short-circuits 
initiated by lightning. Mr, Shipley’s experiences in the 
tropics.are a valuable contribution to this subject, owing 
to the greater prevalence of lightning there. Mr. Cox will 
note that his point about placing the spark-gap close 
to the switchgear is already provided for in the diagram, 
which reads: Earthing device near switchgear.” 

'Remote and Automatic Control. 

Power-Station Control Boards, 

.Mr. Kidd’s interesting ideal for future control boards 
is, I think, generally in line with the trend of examples 
shown in the paper, which are mainly based upon work 
actually in use or in hand. I am not so sure as he is 
that the telephone type of control switches and cables 
is sufficiently substantial; but the reduced space-factor 
must be a considerable aid to operating engineers, and 
wiir advance reliability so long as connections are not 
so close together that the operation of the controls or 
maintenance and cleaning work leads to inadvertent 
operation or signals. Referring to vertical-scale illu¬ 
minated instruments of the shadow type in a' row, I 
do not, of course, mean to suggest that they can do 
more than supplement the customary summation in¬ 
struments. 

Tandem and Radial, • 

Mr. Cox confirms the paper in the prospects of con¬ 
verting central-control indicating systems into complete 
operating control, but he prefers to use adapted tele¬ 
phone apparatus. Such equipment may be more flex¬ 
ible, as he says, but only in the meccano ” sense, in 
that it consists in the main of a multitude of standard 
telephone parts, whereas the alternative centrovisory- 
control apparatus has been specifically designed on the 
basis of mechanical units for its individual operating 
features, and possesses all the .flexibility it needs for its 
essential purpose, which is the control of power systems. 
It is not correct to claim generally that a combination 
of telephone parts is speedier in its operation, ■ indeed, 
in some cases it is slower, owing to the cumulative 
number of individual impulse operations making up a 
given total indication or operation. In eliminatihg 
multitudinous relays operated by chains df impulses 
by the substitution of fewer mechanisms, centroviso^ 
control aims at simplicity and reliability, and its cir¬ 
cular system-diagram enables a large number of circuits 

* I^sictices and Methods in A.C, Substation Grounding,. N.E.t'A. .Pub.- 
: lication 256—-20, New York. 


associated with any one station to be indicated clearly 
in a minimum useful width of control panel. Mr. Ross 
also thinks that centrovisory control is less flexible than 
the combination of mass-produced telephone parts that 
performs the same functions. In reply, I would say 
that, so long as it can be made in sufficient quantities 
to be economical, it is refreshing to get away from the 
monotony of the telephone devices. As to the diagram, 
it is as simple and rational as the face of a clock. 

Except possibly for railways, the radial system is 
more in conformity with normal geographical location, 
particularly in relation to central control. The con¬ 
tinuity of full service is of great importance, and a 
breakage of a pilot in a tandem-controlled system would 
appear to dislocate the control to a much greater degree 
than in a radial system. For instance, seeing that the 
most likely location of a break or disconnection is in the 
more densely built-up areas of the kind to be found in 
the neighbourhood of control stations, the entire tandem 
system would be jeopardized by such a fault or break in 
the pilot. 

Furthermore, although I agree with Mr. Cox about 
extended use on circuits of smaller powers, I suggest 
that there is likely to be considerable congestion of 
messages on a 2-pilot tandem system such as he has 
proposed, comprising 30 stations each with 10 opera¬ 
tions. I am greatly interested in Mr. Winfield’s re¬ 
marks on the tandem system of pilot control. It is 
obvious that congestion of signals and the accompanying 
heavy duty on the telephone equipments cause wrong 
operation, which can only be avoided by the radial 
system upon which centrovisory control is based. 

The Mimic Measurement of Vicinity Short-Circuits, 

I am obliged to Mr. Smail for the analysis he has 
given of the requirements of a calculator suitable for 
the grid, and I would explain further that the two 
' separate types of faults to which he refers are dealt 
with in the calculator shown in Fig. 66 by having the 
removable links constructed with concentric fittings in 
such a way that there are actually two distinct circuits, 
which represent the earth-fault and phase-fault con¬ 
ditions described by Mr. Smail. 

Mr. Grant visualizes mimic calculator boards that will 
measure all characteristics and phenomena at any point 
of the system, including the change of inipedance during 
the decrement period. These can be furnished; it merely 
needs someone to come forward who is prepared to pay 
the cost. In the meantime, the reproduction of im¬ 
pedance by ohmic resistance with direct-current power 
supply seems to suffice, and at times, I fear, to exceed 
users’ ideas of price; and, after all, the information 
about resultant impedance thus obtained is a very great 
step in advance. 

In conclusion, I would thank all those who have taken 
part in the discussion, including the Middlesbrough and 
Dundee members, the reports of whose remarks are, 
unfortunately, not available. There have been over 260 
points raised in the discussion alone, and whether they 
have been super-critical, or due to mistaken reading, or 
constructive, they have all helped to show the need for 
a better’ understanding of the problems, and therefore 
they have all served a useful purpose.* 
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THE PENETRATION OF ALTERNATING MAGNETIC FLUX IN WIRE ROPES. 


By T. F. Wall, D.Sc., D.Eng., Member, and C. H, Hainsworth, M.Eng., Associate Member. 

{Paper first received 13/A January, 1931, and in final form 19/A January, 1932.) 


Summary. 

When a wire rope is arranged in a laminated magnet yoke 
and magnetized by alternating current in accordance with 
the arrangement of magnetic circuit which has been described 
in a previous paper,t it is of importance to know how the 
magnetic flux becomes distributed across the section of the 
rope. In order to obtain some experimental data on this 
question, a sample of wire rope was constructed with a 
built-in search coil surrounding each layer. By an examina¬ 
tion of the oscillograms obtained from these search coils 
the flux density has been obtained for each layer of the rope 
for two values of the a.c. supply frequency. By means of 
ballistic tests the flux density has also been obtained for each 
layer when the wire rope is magnetized by direct current. 


Introduction. 

In a previous paperf one of the authors gave an 
account of the principle of action of an electromagnetic 
apparatus which was designed in the Electrical Engi- 

* The Papers Committee invite written communications, for coi^deration 
with a view to publication, on papers published in the Journal without being 
read at a meeting. Communications (except those from abroad) should reach 
the Secretary of the Institution not later than one month after publication of 
the paper to which they relate. 

t Jcmmal 1,E.E., 1929, vol. 67, p. 899. 


neering Department of Sheffield University for testing 
for mechanical flaws in wire ropes, the excitation 
of the testing magnet system being obtained by 
means of alternating current. The form of magnetic 
circuit which is used in the rope-testing apparatus as 
described in the previous paper will be understood by 
reference to Fig. 1, which is reproduced from that paper. 
A LJ'Sbaped laminated iron yoke is provided with an 
exciting coil, and tunnelled holes pass through the 
projecting limbs, the length of each of these tunnelled 
holes being large as compared with the diameter. The 
diameter of the rope under test is considerably smaller 
than the diameter of the tunnelled holes, so that there is 
a large clearance between the rope and the holes. Since 
the length of the tunnelled holes is large compared with 
the diameter, the flux density in the air-gap will be 
small and it is possible to obtain a high flux density at 
the section XY of the rope‘by means of a relatively 
small number of magnetizing ampere-tums. Typical 
proportions for the yoke and rope under test are shown 
in Fig. 1. 

In the previous paper reference was made to the 
problem of the penetration of alternating magnetic flux 
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in the case of a composite structure such as a wire rope, 
and some test data were given showing the relationship 
between the total flux which was developed in a locked** 
coil type of rope and the excitation ampere-tums for an 
excitation frequency of 25 cycles and 50 cycles per second 
respectively, a comparison also being made with the 
total flux obtainable when d.c. excitation was used^ 



Fig. 2.—Cross-sectional view of completed sample, 
showing position of search coils. 


All these tests were made with samples of rope as 
actually supplied for colliery winders, and the flux was 
measured by means of a search coil wrapped round that 
part of the rope in which the maximum flux density was 
developed. The flux measurements so obtained showed 
that, as compared with d.c. excitation, there was a distinct 



reduction of the total flux in a locked-coil rope unless 
the supply frequency was kept low. This reduction 
was most marked when the flux dexisity was well below 
saturation value. 

Now the information given by tests on a' search coil 
which is linked with-the whole cross-section of the rope 
does not enable any definite knowledge to be obtained 
as to how the total flux is distributed over the cross- 
sectional area. It is, however; of grea^t practical im¬ 


portance to know something of the way in which the 
flux is distributed within the rope. In particular, such 
information is of considerable value in ascertaining 
whether there is any effect associated with a flaw which 
is characteristic of its depth. If such an effect can be 
found it will form the basis of a means for estimating 
the depth of a flaw in a locked-coil rope. 

Whilst the mathematical theory of the screening 
effect of eddy currents has been worked out in full detail 
for ttiin laminated plates, the case of iron wires is a 
somewhat different problem and the screening effect of 
eddy .currents in a compound structure like a locked-coil 
rope is a very intricate problem. It therefore appears 


from a mathematical treatment. The problem is further 
complicated in the case of the electromagnetic testing 



apparatus under consideration because the flux enters 
the rope over an extended length, thus producing a 
cumulative effect at that part of the rope which is 
situated between the projecting poles (see Fig. 1). 

The information which is required is a knowledge of 
the flux density in each layer of the rope as a function of 
the excitation ampere-turns. It is, of course, not possible 
to measure this flux density directly in an actual winding 
rope, as such a measurement requires embedded search 
coils embracing each layer. Some definite information 
as to the nature of the flux distribution over the cross- 
section of a locked-coil type of rope is, however, of such 
great importance in obtaining a complete knowledge of 
the action of the rope-testing apparatus that it has been 
considered desirable to build up a sample with embedded 
search-coils and to examine the flux distribution by 
means of ballistic tests and tests with alternating-current 
excitation at various frequencies. 
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The Experimental Sample with Embedded 
Search-Coils. 

The experimental sample was made to be as nearly as 
possible an exact replica of a locked-coil t 5 rpe of wire 


or central group of 7 wires was formed and a search coil 
(coil A) of 200 turns arranged to embrace this ^oup. 
A second layer comprising 20 wires was then built up 
and a search coil (coil B) of 200 turns, was wound em¬ 
bracing this layer. A third layer of 33 wires was then 



Fig. 5. 


rope, the layers of the experimental sample being not 
quite so close together as in the locked-coil rope, owing 
to the built-in search coils. The effects disclosed by the 
tests on the experimental sample must therefore be of 



the same nature as those which will occur in an actual 
locked-coil type of rope. 

Straight, mild-steel wire rods of J in. diameter were 
used for this sample, each rod being coated with in¬ 
sulating ehaniel before assembly. A cross-sectional view 
of the completed sample is shown in Fig- 2. A first layer 


formed and a search coil (coil C) was wound on this layer. 
Finally a fourth layer of 44 wires was built up and the 
search coil D of 200 turns was wrapped on this surface 
layer. All these search coils were so arranged that their 
planes were all coincident and at right angles to the axis 
of the sample. The data of the area of the wires in each 
layer and also the mean area embraced by the respective 
search coils are as follows:— 

First Layer or Central Group: 

Area of iron wire = 0-57 cm^ 

Mean area of search coil A = 1*56 cm^ 

Second Layer: 

Area of iron wire = 1*63 cm^ 

Mean area of search coil B = 5 • 8 cm^ 

Third Layer: 

Area of iron wire = 2*69 cm^ 

Mean area of search coil C = 12‘4 cm^ 

Fourth or Surface Layer: 

Area of iron wire = 3-58 cm^ 

Mean area of search coil D = 21*9 cm^ 

The total cross-sectional area of the rope is thus 
8*47 cm2. 

The general arrangement will be clear by reference to 

Fig.2. 

By connecting consecutive search coils in opposition 
in pairs, it is possible to measure the magnitude of the 
flux associated with each layer. By using search coil A 
alone the magnitude of the flux in the central group of 
wires is measured, and measurements with search coil 
D give the total flux through the sample. 

In order to obtain the correct values of the flux density 
in the iron wires when the excitation is in the neighbour¬ 
hood of saturation value, it is necessary to subtract 
from the measurement of the total flux that amount 
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which passes through the air space embraced by the 
respective search coils, and for this purpose it is necessary 
to know the magnetization curve of the iron wire of 
which the sample is built up. This curve has been 
obtained by arranging a group of the wires in a long 
standard solenoid and obtaining the B-H curve in the 
usual manner. The curve so obtained is given in Fig. 3. 

(2) The Flux Distribution when D.C. Excitation 
IS Used. 

Tests made with d.c. excitation of the magnet system 
are useful as giving a standard of reference, since no such 
phenomenon as “ skin effect'' develops under these con¬ 
ditions. These tests were made with a Campbell high- 
sensitivity ballistic galvanometer, and the relationship 
between the excitation current and the flux density in 
the respective layers of the sample is given by the curves 
in Fig. 4. 

The first noteworthy feature of these curves is that 
for a given value of the exciting current the flux density 
in each layer is different, being a minimum in the central 
group of wires and a maximum, in the surface layer. 
Another important feature is that the shape in the 
neighbourhood of the origin is different for each curve. 
Both of these distinctive features are of great importance 
in considering the performance when a.c. excitation 
is used. 

It is not at first obvious what the full explanation of | 
these characteristic features of each layer of iron wires ! 
may be. Undoubtedly the main cause of the effects 
can be referred to the fact that the air-gap between the 
respective layers and the tunnelled holes in the magnet 
limbs is different for each layer, i.e. the air-gap associated 
with the central group is very much greater than that 
associated with the surface layer. 

There is, however, another question which arises here, 
and that is whether the flux which enters the sample 
from, say, each band of 1 cm width of the surface of the 
tunnelled holes in the magnet limbs is distributed amongst 
the respective layers in the same proportion. Alterna¬ 
tively, does the flux which enters the sample from that 
part of the surface of the tunnelled hole which is near the 
inner flank of the magnet limb confine itself more 
particularly to any special layer? The answer to this 
question is of great importance and contains the clue to 
a method for examining the behaviour of each layer of 
an actual rope in practice, in which case, of course, it is 
not possible to make use of embedded search-coils. 

A consideration of the results given in Fig. 4 suggests 
that the flux associated with the surface layer is more 
particularly the flux which passes through the inner 
slices, such as A, A, of the magnetic limbs as shown 
in Fig. 6, whilst the flux which is associated more par¬ 
ticularly with the central group of wires passes across 
the air-gap further back towards the left-hand portion 
of the left-hand limb and the right-hand portion of the 
right-hand limb of the magnet system sho^ in Fig. 5. 
General considerations of symmetry also lead to the 
same conclusion as regards the magnetic circuits of the 
flux in the respective layers of a locked-coil rope. 

The practical importance of this result is that it suggests 
a means for obtaining access to a flux band which is 
particularly associated with any one layer of the rope* 


(3) .Tests with A.C. Excitation at a Frequency 
OF 18 Cycles per Second. 

The frequency of the a.c. excitation for these tests was 
chosen sufficiently low to ensure that the skin effect 
would be small. In order to obtain the curves showing 
the relationship between the flux density in the respec¬ 
tive layers and the excitation current, measurements 
were made of the induced e.m.f. in the search coils as 
follows: Coil A for the central group, coils A and B 
in opposition for the second layer, coils B and C in 
opposition for the third layer, coils C and D in opposition 
for the surface layer. By measuring the induced e.m.f. 
in coil D alone it is possible to determine the total flux 
through the sample; this gives a check on the measure¬ 
ments of the flux for the individual layers. 

In order to deduce the magnitude of the flux from 



P.C. excitation current, amps. -*- 

Fig. 7. 


the R.M.S. value of the induced e.m.f., it is necessary to 
obtain the form factor of the e.m.f. wave. For this 
purpose an oscillogram of the e.m.f. wave was taken in 
each case and the form factor was then found graphically. 
From a‘knowledge of the R.M.S. value of the induced 
e.m.f. and the corresponding value of the form factor 
of the e.m.f. wave the maximum value of the total flux 
linked by any of the search coil combinations detailed 
in the previous paragraph was obtained. For values 
of the exciting current corresponding to saturation, 
correction was made for the flux in the air space which 
was linked by the search-coil combination, and in this 
way the flux densities in each layer was arrived at as a 
function of the exciting amperes. 

In Fig. 6 the flux-density curves so obtained have 
been plotted with the peak values of the exciting current 
as absciss®, and in this way a direct comparison can be 
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made 'witli the corresponding curves given in Fig. 4 for 
d.c. excitation. 

A comparison of the curves given in Figs. 4 and 6 
shows that there is very little screening effect due to 
eddy currents and that the penetration is nearly as 
complete with a.c. excitation at a frequency of 18 cycles 



Fig. S{a). —E.M.F. induced in search coil A, i.e. the e.m.f. 
due to flux in central group of wires. 




Fig. 8(c).-— E.m.f. induced in search coils B and Cin oppo¬ 
sition, i.e. e.m.f. due to flux in third layer of wires. 


per sec. as vdth d.c. excitation. There is, however, one 
very prominent feature revealed by this comparison, 
viz. for the higher values of the exciting current the 
curve for a.c. excitation for any one layer lies distinctly 
above the corresponding curve for d.c. excitation. This 
eflect is prominently seen in Fig. 7 in which the curves 
for the surface layer and for the central group are 
reproduced, the broken-line curves being the d.c. excita¬ 


tion values and the full-line curves the results obtained 
by means of a.c. excitation at a frequency of 18 cycles 
per sec. This implies that for high values of the excita¬ 
tion, the permeability of the iron rods is greater for a.c. 
than for d.c. excitation. This effect may be, at least in 
part, explained in the light of Ewing's experiments, in 
which he showed that when an alternating flux was super- 




Fig. 8(^).—E.M.F. induced in search coil D, i.e. the e.m.f. 
due to total flux in rope sample. 


PiQ, 9,—^Wave-form of current in exciting coil of electro¬ 
magnet. 

Exciting current« 6*4 amps. 

Supply frequency » 50 cycles per sec. 

imposed on a magnetic specimen in such a way that this 
flux did not link the search coil, the hysteresis loop 
collapsed and the inward bend of the magnetization 
curve in the neighbourhood of the origin practically 
disappeared 

N. W. McLachlanf has shown that when the 
* See also C. P. Steinmetz ; “ Theory and Calculation of Electric Circuits. * * 
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magnetizatioii is produced by an alternating current of 
sine-wave form the permeability is greater than the 
permeability obtained when the magnetization is 
produced by a steady direct current. 

(4) Tests with A.C. Excitation at a Frequency 
OF 50 Cycles per Second. 

A series of tests were also made with a.c. excitation at 
50 cycles per sec. and the corresponding curves for the 



several layers were obtained in the manner explained in 
Section (3). These curves are given in Fig. 10. 

The difference between the wave-forms of the induced 
e.m.f.'s in the several layers is very striking. A 
representative set of oscillograms is given in Fig. 8, 
in which is also included the oscillogram obtained from 
the search coil D embracing the whole sample and thus 
giving a compound effect of the wave-forms of the fluxes 
in all the layers. These oscillograms were all taken with 
an excitation current of 10 amperes (R.M.S.). 

An inspection of the wave-forms given in Fig. 8 shows 
that associated with each layer is a characteristic wave¬ 
form and that the wave-form given by the surface layer, * 


for example, is widely different from that given by the 
central group. 

In Fig. 9 is shown a t57pical oscillogram for the 
current wave; this is seen to be very nearly sinusoidal. 

In Fig. 11 are reproduced, for purposes of comparison, 
the curves for the surface layer and the central group 
as given in Fig. 10. Also in Fig. 11 the corresponding 
curves for d.c. excitation are shown by broken lines. 
It is now apparent that there is a marked screening 



effect on the central group due to eddy currents at this 
frequency of excitation, the a.c. curve lying below the 
d.c. curve throughout the whole range of the excitation. 
For the surface layer, however, whilst the a.c. curve lies 
below the d.c. curve for the lower values of the excita¬ 
tion, the same effect as that noticed with 18-cycle 
excitation appears at the higher values of the excitation, 
that is, the a.c. curve lies above the d.c. cur^e. For the 
higher values of the excitation there will thus be two 
conflicting actions operating, viz, the tendency for the 
a.c. excitation to increase the effective permeability, and 
the tendency for the eddy currents to produce a skin 
effect and thus reduce the flux. 
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THE TECHNIQUE OF THE HIGH-SPEED CATHODE-RAY OSCILLOGRAPH. 
By F. P. Burch, B.A., and R. V. Whelpton, M.Sc. 

(Paper first received 24:th December, 1931, and in final form 5th April, 1932.) 

Summary. 


After an introduction in which the need for high-speed 
oscillography and the nature of the problems are explained, 
an equipment built for recording the " uncontrolled surges 
of a 1 000 000-volt impulse generator is described. Attention 
IS concentrated on the problems of discharge tubes, beam 
raps, sweep circuits, and screening. Examples of the 
oscillograms obtained are given. 


(1) Introduction. 

During the last 10 years electrical engineers have been 
forced to devote increasing attention to the momentary 
over-voltages to which their apparatus is subject. Such 
over-voltages arise from switching operations, the 
sudden development of faults, or, in the case of over¬ 
head transmission lines, from the inductive action of 
neighbouring lightning flashes, even in the absence of 
a direct hit. . These disturbances are usually of extremely 
short duration—thousandths or even millionths of a 
second—^but since the maxinlum voltage may be two, 
five, or even eight times normal they are often the 
detennming factor in the design of the insulation. For 
example, when power is suddenly applied to one end of 
a cable or transmission line a wave of voltage travels 
along the line. On arrival at the far end this wave is 
doubled by reflection from the transformer or connected 
apparatus, and the whole of the double voltage is 
momentarily concentrated across the end-turns of the 
winding. 

This fact has long been appreciated, and it has become 
the practice to reinforce the insulation of the end-turns, 
and sometimes to interpose a choke coil between the line 
and the transformer. But as a result of recent oscillo¬ 
graphic researches it is now recognized that the concen¬ 
tration of voltage across the end-turns, lasting only a 
fraction of a millionth of a second, is not the whole story. 
The entire coil is ** shocked ** by the wave into an 
^ oscillation of somewhat complicated type which persists 
' in general for some thousandths of a second, and imposes 
abnoraaal voltage gradients on the middle parts of the 
winding; and though these voltage gradients are not so 
great as the initial gradients at the end-turns, they may 
be equally dangerous because they last so much longer. 
For the longer the time of application, the lower is the 
voltage necessary to break down any insulator. These 
oscillations of the transformer winding are in some cases 
intensely aggravated by resonance between the line and 
the winding, and the use of a choke coil, instead of 
removing the danger to the transformer, may actually 
increase it. 

From the foregoing example it wiir be realized that 
with the growth in the size of electrical undertakings. 


the insulation engineer is compelled to study in detail 
the mechanism of the production of transient over- 
volteges, their magnitude and duration, and the ability 
of insulation to withstand them, as well as the possi¬ 
bility of suppressing them by such devices as surge 
absorbers and lightning arrestors. A high-voltage 
laboratory must be equipped, firstly with an impulse 
generator to produce high-voltage transients, and second¬ 
ly with a cathode-ray oscillograph capable of recording 
the variation of voltage with time in a single transient 
occup 3 dng less than a millionth of a second. 

The small sealed glass oscillographs, using cathode 
voltages from a few hundred to a few thousand volts, 

I which are to-day found in almost every electrotechnical 
laboratory, are admirably adapted to the study of 
periodic phenomena, even at frequencies of a million 
cycles or more, for a steady picture can be obtained on 
the screen by causing the cathode-ray spoj: to retrace 
continually in synchronism with the phenomenon under 
investigation. They do not, however, give sufficient 
intensity for the recording of a single transient lasting 
less than about 10~® sec. For transients measured in 
microseconds (1 microsecond « 10~® sec.) an instrument 
of a totally different type is necessary. The pioneer of high¬ 
speed single-transient recording was Dufour, who insisted 
on the necessity for a beam of high-voltage cathode 
rays, and took the important step of introducing the 
photographic plate into the vacuum. These expedients 
inevitably require a rather bulky apparatus with con¬ 
tinuously running vacuum pumps. 

The progress of cathode-ray oscillography up to and 
including the work of Dufour was described in a paper 
before the Institution by Prof. MacGregor-Mbrris and 
Mr. Mines in 1925.* Since that time high-speed instru¬ 
ments have been improved out of all recognition. 
German investigators have been chiefly responsible, 
notably Rogowski, who was the first to photograph 
travelling waves, f and has pushed the speed of record¬ 
ing very close to the limit imposed by the nature of 
cathode rays.J 

This paper is intended as a contribution to the tech¬ 
nique of high-speed oscillography. The principal prob¬ 
lems of high-speed recording are the following:— 

(1) The problem of designing a discharge tube to 
provide a perfectly steady, intense beam of cathode 
.rays.' 

(2) The choice of the method of obtaining a photo¬ 
graphic imprint, i.e. whether the beam should fall directly 

on a film inside the vacuum, or should pass through a 

Lenard window on to a fifin outside the vacuum, or 
should strike a phosphorescent screen the light from 
which is recorded on a film outside the vacuum. 

* See Bibliography, (1). t /W, ( 2 ) and (3).; $ ^ 
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(3) The problem of arranging that the beam shall be 
already moving over the film along the axis of time at 
the moment when the transient under investigation gives 
it a motion at right angles parallel to the voltage axis. 
This problem becomes especially difficult when the 
phenomenon under investigation is one of which the 
moment of occurrence cannot be controlled, e.g. a 
lightning disturbance. The earlier workers solved it 
by moving the beam continually backwards arid forwards 
along the time axis, so that it was always ready to be 
deflected at right angles by the transient voltage. For 
certain very special problems this method is without 
peer, but the replotting of the records into ordinary 
graphs of voltage against time is a tedious matter. 
It has therefore become almost universal practice to 
sweep the beam once only across the film, so that an 
ordinary voltage/time graph is obtained directly. This 
single sweep must of course be initiated at the right 
moment, and therefore when the incidence of the tran¬ 
sient is not under control it is necessary to arrange that 
the transient shall operate a relay which starts the 
time-sweep. Further, since even the swiftest relay has 
some time-lag, if the start of the transient is to be 
recorded it must first be brought to the relay, and then 
conveyed to the voltage defiection-plates of the oscillo¬ 
graph by an electrical line long enough to delay its 
arrival until after the relay has operated. 

The methods adopted by different workers for solving 
these problems vary widely, and are in many cases ill- 
adapted to researches of a type other than that for which 
they were devised. The equipment described in this 
paper was built primarily for work with a 1 000 000-volt 
impulse generator.* For such work some American 
laboratories have so linked the impulse generator and 
oscillograph that the closing of a switch starts the time- 
sweep of the oscillograph, and immediately afterwards 
trips the impulse generator. This arrangement requires 
cumbersome and expensive high-voltage apparatus, 
and makes the oscillograph an integral part of the 
impulse testing equipment. The authors preferred to 
build an instrument capable of recording uncontrolled 
transients, and to treat even the artificial surges of the 
laboratory as " uncontrolled.*' This course provides 
an oscillograph which is cheaper and more convenient 
for impulse testing, as well as being applicable not only 
to a variety of laboratory problems but also to lightning 
and transmission-line investigations. 

(2) General Features of Construction. 

In general features the instrument is similar to those 
of Continental workers.f The authors adopted a ver¬ 
tical construction. Referring to Fig. 1, at the top is 
the discharge tube or source of cathode rays, which is 
here shown only diagrammatically, being described in 
detail later. From the discharge tube the rays pass 
through a 1-mm hole in the aluminium anode block 
into the main tube as a slightly divergent beam; The 
main tube is of drawn brass 17*8 cm bore and 145 cm 
long, supported in an angle-iron frame. Surrounding 
it about half-way down is the magnetic focusing coil, 
through which direct current is passed and adjusted 

• See Bibliography, (5) and (6). 

t See (for example) Bibliography, (7) and (8). 

, VoL. 71. 
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so that the magnetic field causes the diverging beam of 
electrons to converge and come to a sharp point focus 
on the phosphorescent screen or photographic film. 
The focusing coil is shrouded with iron to confine its 
field. Inside the tube at the same height are diaphragms 
of aluminium backed with lead, so arranged as to limit 
the beam while allowing a free passage of air. Imme¬ 
diately below the focusing coil is a 4-pole electromagnet 
system by means of which the beam can be given inde¬ 
pendent steady deflections in two directions at right 
angles, and thus its zero position brought to any desired 
point on the photographic film. Inside the tube, below 
the position magnets, are the electrostatic deflection- 
plates. These are carried on a removable framework, 
and are inclined for maximum voltage sensitivity. 



Fig. 1.—^Diagrammatic sketch of cathode-ray oscillograph. 

The upper pair is used for the time and the lower for the 
transient deflection. Contact is made to them by flat 
springs, from which leads are brought out through 
vacuum-tight insulating bushes. The photographic 
records are obtained by allowing the cathode-ray beam 
to fall on a film inside the vacuum; the film box is 
mounted on the lower cover-plate of the tube and accom¬ 
modates standard 6x9 cm film on which 12 exposures 
of 6 X 6 cm are obtained. The film is normally covered 
by a lid coated on its upper surface with phosphorescent 
zinc sulphide. To open the lid, a shaft passing through 
a vacuum^tight cone joint is turned; turning in the 
opposite direction closes the lid and, if continued, winds 
on the film for the next exposure. The phosphorescent 
screen can be observed by mean® of a small telescope 
and right-angle prism. 

In the upper half of the main tube, supported from 
the top cover-plate, is the beam-trap system, which is 
described later. The main tube is exhausted through 
a very short, wide pipe by two cascaded Metropolitan- 

. ■ 25 ^ 
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Vickers condensation pumps operating with “ Apiezon 
low-vapour-pressure oil. The very great speed of this 
pumping system (20 litres per second) enables it to main¬ 
tain a vacuum of the order of 10“^ mm of mercury in 
the main tube, despite the continual leakage of gas from 
the discharge tube through the hole in the anode block. 
In the discharge tube a comparatively high gas pressure, 

1 or 2 X mm of mercury, is required for the produc¬ 

tion of the electron beam. Air is accordingly allowed 
to leak in continually through a needle valve and is 
removed by a separate oil condensation pump. In this 
way, by sweeping air through at a good rate, any bursts 
of gas which may be evolved from the walls of the 
discharge tube are quickly removed and thus momentary 
pressure-rises are avoided. The backing vacuum for 
all condensation pumps is provided by two cascaded 
pumps of the rotary vane t 3 q)e. 

(3) Discharge Tubes. 

These have been of the cold-cathode type exclusively, 
supplied through a series resistance from a rectifier 
set of which the maximum voltage is limited to 55 kV 
by the condensers available. The authors at first tried 
glass tubes 75 cm long, using the extra focusing coil 
and magnets, after Rogowski,* to bring the beam to a 
focus on the anode hole. The upper part of the tube was 
of 13 mm bore and 25 or 50 cm long, the remainder being 
of 25 mm bore. The cathode was a cylindrical aluminium 
rod 11 mm in diameter with a flat end, the sharp edge 
being rounded off. At first these tubes would run steadily 
for a few minutes only, after which sparking appeared 
near the cathode. This was soon found to be due to 
overheating. Oil cooling of the cathode, which appeared 
to receive about half the heat, made a great improvement, 
and the trouble was completely cured when a glass oil- 
jacket was added round the narrow part of the tube. 
Transformer oil, circulated by a small pump, was used. 
A sludge collected on the outer wall of the discharge 
tube near the cathode, but this did not appear to be 
detrimental; such tubes ran perfectly steadily for some 
hundreds of hours. A very high degree of polish on the 
cathode seemed to be unnecessary, and when flickering 
was observed this was always found to have been due to 
a leakage of grease through the cathode joint. To ensure 
perfect steadiness a series resistance of 1 megohm was 
found insufficient; a liquid resistance of at least 6 
megohms was used. Silit resistance rods appeared to be 
satisfactory as long as there was no tendency to flicker, 
but when there was such a tendency they seemed to 
magnify it. The tube was run at about 1 mA, the 
voltage across it being 40 to 45 kV. At lower currents 
(0*6 mA) the cathode-ray beam began to become inter¬ 
mittent with a frequency of the order of 1 million cycles. 
A reduction of voltage increased the tendency to inter- 
mittence and reduced the frequency. 

For the sake of compactness and simplicity, it is very 
convenient to use a metal discharge tube of the X-ray 
type and to dispense with the extra focusing coil. The 
authors accordingly tried a tube after the design of 
Messrs. Knoll, Knoblauch, and von Borries (see Fig. 2 
of their paper).t But this tube would work for a few 
minutes only, after which a soft glow discharge broke 
* See Bibliography, (7). . t IbU-, (9). 


out. The distance between the top of the metal anode 
tube and the cathode shoulder was increased or de¬ 
creased, but without success; and no improvement was 
obtained by curving the Pyrex tube inwards into the 
space between the electrodes, or swelling it outwards 
away from the top of the anode tube. While these 
tubes were working, however, an excellent electron 
beam was obtained in all cases. It is probable, there¬ 
fore, that the production of the beam is indeed wholly 
determined, as one expects and wishes, by the conditions 
inside the metal anode tube below the cathode face. 
The problem seems to be simply that of maintaining a 
sufficient creepage distance along the insulation, while 
at the same time restricting the space available for 
ionization in that neighbourhood. One solution, not, 
however, very simple to construct, has been given by 
Berger * The authors were able to obtain a workable 



arrangement with the Knoll type tube by inserting below 
the cathode shoulder an insulated metal anchor-ring 
supported on a glass ring resting on the top of the anode 
tube. There were occasional flickers of green glow round 
the rings, but these did not appear to affect the current 
or the cathode-ray beam.f However, the very simple 
and robust design shown in Fig. 2 is completely success¬ 
ful. The distance from cathode to anode tube is now 
nowhere greater than at the cathode face, and the 
creepage distance along the porcelain insulator may be 
made as great as desired. This was suggested by Mr. 
J. M. Dodds, who gave great assistance in these experi¬ 
ments. 

With these tubes oil-cooling of the cathode is un¬ 
necessary; water-cooling of the aiiode is desirable; With 
reasonably smooth surfaces, a slightly convex cathode 
gives as good results as a concave one, but if the central 
part (some 6 mm diameter) of the cathode face is dirty, 
or deeply scratched with a knife, the intensity of the 
beam is poor. Scratches on the sides do hot matter. 

♦ See Bibliography, (10). . 

t The authors’ experiences with the Knoll type tube are confirmed by a recent 
paper of Dicks see Bibliography, (11)], who also adopted a floating electrode. 
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When the cathode is badly pitted, or if a small hole is 
drilled in it, the intensity of the beam is reduced * A 
pointed cathode gave no beam at all. A truncated 
cone of 36*^ angle, terminating in a flat face 5 mm in 
diameter, seemed to give as good results as a concave 
cathode, but the current became unsteady above 
2 mA. With these tubes the authors obtain a more 
intense beam than with the glass discharge tubes, but in 
addition to electrons the beam contains considerable 
numbers of atomic particles—the so-called retrograde 
rays.^’t These, which were not appreciable with the 
glass discharge tubes, originate as negative ions, but can 
gain or lose charges in their passage through the gas. 
They thus pass as neutral particles through the charged 
beam trap, and reach the screen as a mixture of neutral 
atoms and positive ions. The deflections of the latter 
show that their energies approach those of the electrons; 
the former are distinguished from X-rays by the 
marked fatigue of the phosphorescent screen- To 
avoid undue fog the film must not be exposed to these 
particles for more than 5 minutes; they could of course 
be sifted out by giving to the electrons a magnetic deflec¬ 
tion, by filtering ” the beam through a thin film of 
aluminium or Cellon, or by using the beam-trap arrange¬ 
ment of Norinder.J 


(4) Beam Trap. 


In order to avoid fogging of the film, Dufour applied 
voltage to the cathode-ray tube only during the short 
time of photographing. This method has been de¬ 
veloped and extensively applied by American investi- 
gators.§ The method used by Continental workers is, 
however, much to be preferred: the discharge tube is con¬ 
tinually excited, and the beam is prevented from entering 
the lower part of the deflection tube by a trap from which 
it is released when required. In Norinder's ingenious 
trap system the transient voltage itself deflects the beam 
past a target which normally intercepts it; and where an 
oscillatory time-base is to be used this has many advan¬ 
tages. But with the single time-sweeping movement 
now almost universally employed it is best, especially 
for high-speed work, to release the beam by removing 
an artificially applied voltage which normally deflects 
it away from a central hole. The authors first tried to 
build a beam trap for use with a "' Kipp'' relay of the 
type devised by Gabor.|| With a beam of appreciable 
angular divergence, however, the design of a low-voltage 
trap is difficult,!! while if a high-voltage jump is required 
the design of a quick-acting /' Kipp*’ relay is equally 
difficult. Having failed to produce satisfactory trapping 
at 300 volts, the authors decided to use a spark relay 
and a high-voltage trap. The latter has two stages, 
the plates being cross-connected to give zero deflection 
for a small voltage (Gabor). These connections are made 
by resistances, from the mid-points of which the external 
connections are taken. The pairs of plates are thereby 
prevented from oscillating " agaihst eachpther " when the 
beam-trap is discharged. The plates of each pair afe 


# In this connection see Ruhlemann [Bibliography, (13)k 
t See Bibliography, (13). t 

§ See, for example, Bibliography, (15,16, and 1/,). : 

4 For^Ws^*^rpose’Boekels [see Bibliography, (19)1 puts one pair of plate$ 
above the 1-mm diaphragm, i.e. effectively in the discharge tube. ; 


19 X 50 mm, and are 19 mm apart. Measuring from the 
bottom of the anode we have at 5 • 9 cm the centre of 
the first pair, at 16-2 cm a diaphragm of aperture 
3*6 mm, at 31*5 cm another diaphragm of 6-3 mm, 
at 37 cm the centre of the second pair, at 51 cm an 8-mm 
diaphragm, and at 70 cm the limiting diaphragm (6 mm). 
The trapping of electrons is believed to be absolutely 
complete at 1 500 volts. 

(5) Time-Sweeping Circuits. 

It vras decided from the outset that the spark which 
released the beam from its trap and initiated the time¬ 
sweeping movement should be tripped automatically 
by the impulse under investigation, and not vice versa. 
The sweeping movement is of course obtained by the 
discharge of a condenser through a resistance or a satu¬ 
rated valve. In making their choice from the great 
variety of possible arrangements the authors were guided 
by the following considerations:— 

(1) The circuit must be tripped by a conductively 
conveyed im pulse of either polarity, as quickly as pos¬ 
sible. The voltage and quantity of electricity necessary 
in the impulse should be as small as possible. 

(2) It is most important that the time scale should 
not be distorted by currents flowing in the leads which 
convey the tripping impulse. Such distortion may 
arise either through inductive coupling of the trip and 
sweep circuits, or through impedance or a spark-gap 
common to both. 

(3) For some kinds of work, tripping must- occur 
even with quite a slow voltage-rise. In this case also 
the charge required should be small, and ^preferably 
should not alter the potentials of the sweep-plates before 
tripping. 

(4) In high-speed work it is desirable that the sweep 
deflection-plates should he equally and oppositely 
charged with respect to the earthed metal tube of the 
oscillograph, otherwise the focus of a beam of large 
angular divergence is impaired. 

(5) For the same reason the common potential of the 
beam-trap plates during the exposure should be that 
of earth. 

(6) The spot must be prevented from retracing slowly 
over the film when the condensers recharge after the 
exposure. 

In order to obtain amphipolar tripping the impulse 
must be made to affect the voltages across two spark- 
gaps simultaneously and in opposite senses. There are 
two types of circuit arrangement, according to whether 
the gaps are in series (Fig. 3a) or in parallel (Figs. 36, 3^) 
with respect to the impulse leads. In these diagrams 
the various poles of the spark-gaps are supposed to be 
given the indicated initial voltages by connection 
through very high resistances to sources of the required 
potentials. The circuits as shown are suitable for a 
tripping impulse taking the form of a variation of the 
potential of a single wire with respect to earth. Such 
arrangements are thfe most generally useful; in special 
cases where the electrification of the trip circuit is 
initially symmetrical and must be maintained so at 
every iiistant of time, the S 3 anmetrical analogue of Fig. 3c 
or, better, that of Fig. 36, must be employed. In these 
circuits the two spark-gaps are separated. 
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The series arrangement, Fig. 3(a), is distinguished by 
the fact that only one spark-gap responds, but it has the 
great disadvantage that during the passage of the spark 
the currents in the impulse lead flow to earth not only 
through the idle resistance and the spark-gap, but also 
through the sweep condenser C. The latter circumstance, 
in particular, not onty introduces a small capacitative 
coupling between the sweep and trip circuits, but also 
makes it difficult to avoid a considerable magnetic 
coupling. Further, the sensitivity is low, since only 
half of the impulse voltage is applied to a gap carrying 
the full sweep voltage, and the impulse has to charge 
up the stray capacitance to earth of the condenser. 
In addition, when the gap XY responds requirement (5) 
is not satisfied. 

When the gaps are in parallel wnth respect to the 
impulse lead the response of either gap throws over¬ 
voltage on the other, which therefore breaks down 
immediately afterwards. There are three possibilities, 
according to whether the sweep current flows through 
the gap which short-circuits the impulse, or the other, 
or both in series. The second alternative (Fig. 36 with 
the impulse applied to sphere X) has the advantage of 
giving very complete decoupling. The sensitivity is 
fair: the impulse has to charge up the stray capacitance 
of the auxiliary condenser C'; the full impulse voltage 
is applied to XY, but YZ receives a fraction R/{R -|- r) 
only. Each gap carries a voltage equal to the sweep 

— 

(«) 



Fig, 3.—^Amphipolar trip circuits. 


voltage. The resistances rl2 must be. included, to 
prevent oscillatory discharge of C', When the sweep 
current flows through both gaps we have the familiar 
circuit of Fig. 3(c) in which the impulse current passes 
through one of the gaps. The full impulse is now 
applied to gaps carrying only half the sweep voltage. 
The stray capacitance to be charged is very small, 
and there is no shunting impedance, so that a steep- 
fronted impulse having a “ tail'' a few metres long will 
be doubled by reflection. 

For a slow voltage-rise Fig. 3(c) is obviously the most 
suitable, and the authors accordingly adopted it. The 
importance of a symmetrical electrification of the sweep- 
plates was forced on them by preliminary experiments; 
with a beam of angular diameter 0 • 027 radian, a deflec¬ 
tion of 2 cm, one sweep-plate being earthed, converted 
a fine spot into a patch several millimetres in diameter. 
Fig. 7 shows the effect with the beam stopped down to 
0*009 radian; one plate was earthed and the potential 
of the other varied from zero at the beginning to 3*5 kV 
at the end of the record. In Figs. 8, 9, and 10 the sweep- 
plates were symmetrically electrified, with the result 
that the focus remained unimpaired by the sweep 


deflection. As regards the transient deflection, in 
electrotechnical work, of course, one usually wishes to 
work with one plate earthed, and all the authors* photo¬ 
graphs have been taken in this vray. That this does 
not give rise to appreciable loss of focus in their instru¬ 
ment is probably due to the fact that the transient 
deflection plates are closer together than the sweep- 
plates, and therefore the end-effects are less important. 

Symmetrical electrification of the sweep-plates is 
not easily arranged if the condenser discharges through 
a valve, and therefore the authors preferred to use 
resistances. The complete sweep circuit, with which 
the oscillograms of Figs. 8, 9, and 10 were obtained, is 



shown in Fig. 4. As in Fig. 3(c), one pole Z of the gap is 
directly earthed; this is not essential, but was done to 
ensure the satisfaction of requirement (5). When the 
sparks occur, the common potential of the sweep-plates, 
which was previously 2*5 kV, jumps to zero. At the 
end of the exposure the plates have potentials -f- and 
— 2*5 kV. This plan makes it possible to arrange that the 
final position of the spot shall be a long way off the film, 
that is the time scale nearly linear, without the use of 
powerful opposed electric and magnetic deflections, 
which, the authors found, slightly impaired the definition 
at the beginning, even with symmetrical electrification. 

The resistances in the sweep and beam-trap circuits 
must of course have such values that the discharge of 
these circuits is non-oscillatory. When this is the 
case, distortion of the time-scale can only arise from 
oscillatory currents flowing in the trip circuit. When 
the e.m.f. which provides the tripping impulse is non- 
oscillatory, only free oscillations are possible, and these 
can be prevented by including in the trip lead, close to 
the middle sphere, a resistance equal to the surge impe¬ 
dance of the lead. In practice, however, the tripping 
e.m.f. is often itself oscillatory, and, moreover, several 
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times stronger than is strictly necessary; and forced 
oscillations of course cannot be wholly suppressed. 
Since the oscillatory currents are superimposed on the 
sweep-current through one of the spark-gaps, they may, 
if of large amplitude, momentarily reduce the current 
through it to zero. The resistance of the spark then 
rises, and does not again become low until an appreciable 
quantity of electricity has passed. To guard against 
this, the well-known device is employed of passing 
through the spark-gaps, in addition to the sweep current, 
a large unidirectional heating current from an auxiliary 
condenser and resistance. But fluctuations in the 
resistances of the sparks seem to be less important as 
sources of time-scale distortion than inductive coupling 
between the trip and sweep, or trip and beam-trap 
circuits, and the authors were unable to obtain undis¬ 
torted oscillograms until they took special precautions j 
to reduce these mutual inductances. They could, of 
course, theoretically be made zero by a suitable dispo¬ 
sition, but the authors preferred simply to make them 
very small by constructing the spark-gap as shown. 

There is one case in which, although the tripping 
e.m.f. is non-oscillatory and of moderate magnitude, 
the suppression of free oscillations in the trip circuit is 
cjuite indispensable. This is when the impulse is con- 
ductively derived from a spark-gap, e.g. the 500-volt 
testing spark shown in Fig. 4. If resistance is omitted 
the current builds up, by repeated reflections at the 
ends of the trip line, to a very large amplitude, and 
then executes protracted quasi-stationary oscillations at 
the frequency determined by the capacitance of the 
coupling condenser and the whole inductance of the 
trip circuit. 

Requirement (6)—no retracing—can be fulfilled in 
various ways. One of the simplest is to connect the 
sweep-plates across the resistance instead of the con¬ 
denser.* This, however, is undesirable, since it imme¬ 
diately introduces into the time-scale any momentary 
fluctuations of the sweep current. Rogowskit uses a 
relay mechanism which retraps the beam by magnetic 
deflection. One way of dispensing with a relay, which 
the authors have used successfully, consists in connecting 
the beam trap across the spheres XZ; and using a rather 
small spark-heating condenser (0 • 05 [xF .). With suitable 
resistances one can then arrange that the sparks go out 
when the potentials of the condensers have fallen to a 
value—say 2 000 volts—-which is still sufacient to operate 
the beam trap. The authors prefer, however, the method 
shown in Fig. 4. The beam trap is connected across 
the spheres YZ, and when the sparks go out it recharges 
before the potentials of the sweep-plates have changed 

appreciably . J r V 

Much has been written about the time-lags of spark- 
gaps in responding to sudden applications of voltage, 
and the effect thereon of surface contamination. It 
has been stated§ that a sphere-gap freshly polished with 
clean carborundum paper will respond within less 
than sec., even in the absence of ionizing radiations. 


■ (19)] has also^ ireived^at this principle. The 

diftcation which he adds to it ia his Fig. 13 would be apph^ble even if the 
niit contained only one spark-gap, and so represents yet another method, and 
describes still another, due to Rogowski, in which the beam retraps itself by 

arrangement of Faraday cylinders. 

I See Bibliography, (23). 


The authors have not been able to obtain reliable results 
with this or any polishing method alone, but they 
obtain satisfactory results by the well-known device 
of irradiating the gaps with a quartz mercury lamp, 
when this is placed a few inches away. Response 
occurs regularly to a 500-volt impulse of either polarity 
with a time-lag which very seldom exceeds 0*2 micro¬ 
second. Some hundreds of sparks can take place before 
any adjustment is necessary. In high-voltage impulse 
work the tripping impulse is picked up by a small antenna. 
For testing purposes and for low-voltage experiments, 
the trip lead is connected to a steel rod and also through 



Fig. 5.—Resistance potential divider and screening 
arrangements. 


a high resistance to a 500-volt supply. Plunging the 
rod into an earthed mercury cup then provides the 
tripping impulse, and may also simultaneously initiate 
a 500-volt transient in any desired apparatus connected 
between the rod and the mercury. The arrangement is 
shown in Fig. 4; it will be seen that a heating current 
is provided for the spark at the mercury cup. 

(6) Potential Divider. 

The measurement of high-voltage transients of course 
requires a potential divider to tap ofl a few hundred volts 


Transmission Line 



for the oscillograph. Following Gabor, the authors 
connect the potential divider to the oscillograph by a 
rubber-insulated concentric cable which is long enough 
(50 or 60 yards) to delay the arrival of the impulse at 
the deflection plates until after the sweep circuit has 
tripped, thereby ensuring that the start of the impulse 
is recorded. For high-speed work with laboratory 
impulse generators, a resistance potential divider is 
usually satisfactory; but where the transient is superim¬ 
posed on a power voltage, as in transmission-line work, 
condensers must be included. Fig. 5 shows Gabor’s 
circuit for a resistance potential divider, while Fig. 6 
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shows the simplest arrangement for transmission-line 
recording. The division of voltage is effected by two 
capacitances and Cg in series. may be a con¬ 
denser bushing; Cg is a low-voltage condenser having a 
very much greater capacitance than the delay cable. 
For transmission-line work at the highest speeds resis¬ 
tances and condensers must be used in combination; 
such an arrangement was given by Gabor. Improved 
potential-divider circuits have been discussed elsewhere.* 

(7) Screening. 

Since the oscillograph is situated only 6 yards from 
the impulse generator, very effective screening has been 
necessary. Indeed, the induced e.m.f.'s were at first 
so strong as not merely to distort the oscillograms 
hopelessly but even to break down the insulation of 
parts of the apparatus. The circuits have been enclosed 
in boxes of in. sheet steel, whereby also the magnetic 
fields of the control resistances are prevented from 
affecting the beam. A point in connection with the 
screening of the voltage-deflection circuit is worthy of 
special mention. Referring to Fig. 5, when the high- 
voltage applied to the potential divider, that is, the line 
integral of electric force down ABC, rises from zero 
and fluctuates in any manner, a wave enters the cable, 
establishing a potential difference between core and 
sheath which is a correct small-scale reproduction of 
these fluctuations. Independently of this, a wave also 
travels along the outside of the cable sheath; one may 
say loosely that both core and sheath together are raised 
in voltage by the fluctuating magnetic fields in the region 
between the cable and earth. If the deflection plates 
(and the resistance which shunts them in the circuit of 
Fig. 5) had no capacitance to earth, the currents flowing 
on the outside of the cable sheath would be of no conse¬ 
quence; it would be sufficient simply to connect the 
deflection plates and shunting resistance across the cable 
without any ** earthing of the sheath at the oscillo¬ 
graph or other special precautions. Actually, however, 
each deflection plate has capacitance to the metal tube 
of the oscillograph comparable with the capacitance 
between the two plates. In order to ensure that the volt¬ 
age between the plates is determined only by the wave of 
voltage between core and sheath which is applied at the 
input end, it is therefore necessary that the cable sheath 
should in effect be made an integral part of the metal 
tube of the oscillograph, core and deflection plates form¬ 
ing a screened system, as shown in Fig. 5. How essential 
it is that this should be properly done is shown by the 
fact that it was found to be unsatisfactory to bring the 
sheath of the cable into the metal box in an insulated 
nianner and then connect it to the box by a wire PQ 
a few inches long. This procedure introduced quite 
large spurious e.m.f.'s. So long as the screening is 
properly carried out, it is in practice immaterial whether 
or not the tube of the oscillograph is " earthed '' directly, 
as well as through the cable sheath; such an extra "' earth " 
cannot affect; the corfectness with which the line integral 
of force down ABC is measured, though it will, no doubt, 
slightly affect this line integral itself. 

To check the efficacy of the screening the authors 
carried out vai-ious tests, notably one in which 

* See Bibliograpliy, (24;. 


was disconnected from the cable and earthed, and the 
sheath of the cable at the potential-divider end was 
connected to the core and metallically sealed over it 
and also earthed. With a cable in which the sheath 
consisted of an open-mesh braiding, small residual e.m.f/s 



Fig. 7.—^Impulse wave with oscillations. Loss of focus due 
to asymmetrical deflecting field. 

remained, but these disappeared when lead-covered 
cable was substituted. 

It is of interest to note that the authors were able to 
take undistorted oscillograms of the open-circuit wave 
of the impulse generator before the high-voltage circuit 
suppl 3 dng the cathode was screened at all. No doubt 



Fig. 8.—13 impulses applied to a sphere-gap set at 82 per 
cent Spark-over. 


the most violent induced e.m.f.'s had subsided before 
the transient had traversed the delay cable (O-i micro¬ 
second). 

(8): PERFOItMANCE. 

Fig. 7 shows the voltage across a 75-cm diameter 
sphere-gap, opened too wide for spark-oyer, wh en 
supplied with a 350-kV wave from the impulse generator. 
It will be seen that the voltage rises above this figure. 
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reaching a maximum of 400 kV and oscillates. This is 
to be expected, and has been observed by others.* 
The wavelength of the oscillations, about 120 metres, is, 
of course, approximately four times the total length of 
the conductors forming the high-voltage circuit, plus 
a slight increase due to the capacitance of the sphere- 
gap. In Fig, 8 these oscillations have been suppressed 



Microseconds; 

Fig, 9.“^Impulse breakdown on a 31-in. point-rod gap. 

by including resistance between the impulse generator 
and the sphere-gap. For this illustration the sphere-gap 
was jGLrst set so that it sparked over for 82 out of 100 
applied impulses. Oscillograms of 13 successive im¬ 
pulses were then recorded on the same film. It will be 
seen that the gap did not always break down at the same 



Fig. 10.—Cable discharge wave. 


point on the wave, indeed in one case (A) breakdown was 
delayed until about 6* 7 microsecohd af^^^ 
had been attained, while in another case (B) spark-over 
did not occur at all. The line G is a yoltage-calibration 
line. The coincidence of the wave-fropts in this photo¬ 
graph illustrates the regularity of behaviour both of 

♦ See BibUography, (23),\ ^ 


the trigger-gaps in the impulse generator and of the 
spark relay in the sweep circuit of the oscillograph. 
Fig. 9 shows the behaviour of a 31-in. gap between a 
negatively charged point and an earthed length of 
channel iron. A 1 000-ohm resistance was included in 
the high-voltage lead to the point. Two impulses were 
applied, one of which caused breakdown after a lag of 
3 microseconds, while with the other breakdown did not 
occur. 

The application of the oscillograph to low-voltage 
work is illustrated by Fig. 10, which shows the discharge 
wave at 400 volts, of 60 metres of 3/ • 029 in. single-core 
lead-covered cable, i.e. the voltage at the open end 
when the other is suddenly short-circuited, the cable 
being connected to the mercury-cup switch shown in 
Fig- 4. ... 

In ease and reliability of working the equipment is 
very satisfactory; over 1400 oscillograms have been 
taken. The operator sits in a chair and has all the 
essential controls within easy reach. He has so little 
to do that the production of a completely automatic 
mobile recording instrument, an aim which has been 
kept in mind throughout, would present no real difficulty. 
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(1) Introduction. 

Probably in no other country has the development of 
hydro-electric power advanced so rapidly as in Canada. 
The figures issued by the Bureau of Statistics for 
the year 1930 show that more than 6 million horse¬ 
power is now in use in the Dominion, compared with 
2'| million horse-power in the year 1919. Further de¬ 
velopments are rapidly taking place and big construc¬ 
tion schemes, which will materially increase the existing 
horse-power harnessed, are now in hand. Proj ects which 
when investigated some 20 years ago were reported on 
as unfavourable are now being developed into big 
hydro-electric power plants and render practicable a 
constantly increasing area of possible development. 

The amount of capital invested in Canada's hydraulic 
installations has been the subject of intensive study, 
and the Dominion Water Power Bureau states in its 
latest bulletin that this investment amounts to almost 
1 390 million dollars. Of this amount, 1 168 million 
dollars, or over 84 per cent, have been expended on 
lands, buildings, plant, and equipment. This is greater 
than the capital investment of any other manufacturing 
industry in the Dominion. The total amount of power 
installed has grown from 890 000 h.p. at the beginning 
of the year 1910, to 6 125 012 h.p. In addition, we find 
that the capacity of central electric stations has grown 
■from 586 502 h.p. to 5 214 336 h.p., and pulp and paper 
installations from 115 042 h.p. to 579 826 h.p. in the 
same period. 

The capacity of the hydraulic installations of the 

* The Papers Committee invite written comrnunications, for co^ideratjon 
with a view to publication, on papers published in the without bemg 

read at a meeting. Communications (except those from ^abroad) should reach 
the Secretary of the Institution not later than one month after publication of 

the paper to which they relate. 


Dominion now averages 617 h.p. per 1 000 of the popula¬ 
tion, a figure which places Canada in an outstanding 
position among the waterpower-using countries of the 
world. 

(2) Power Production. 

One of the foremost in the field of hydro-electric power 
production is the Southern Canada Power Co., Ltd. In 
the year 1914 the output of this company totalled 
4 640 000 kWh, whilst the figures for the year 1930 show 
anoutputof 170 865 947 kWh, which is a typical example 
of the progress made by Canadian hydro-electric power 
companies. 

The company owns and operates five power houses on 
its system, having an aggregate capacity of 60 000 h.p.; 
and undeveloped sites throughout the system allow for 
further development to the extent of 147 000 h.p. 

The high-tension transmission lines of the company 
extend over 463* 3 miles, and the distribution lines over 
578 miles, the area of supply being approximately 6 000 
square miles. The number of municipalities served is 
118, and the number of consumers connected is 26 594. 
The rating of the installed motors amounted for the year 
1930 to 46 602 h.p. In addition, the company operates 
its own telephone system, comprising 423-4 miles of 
telephone lines. 

(3) Power Houses. 

The power houses are situated at various points 
throughout the system. Fig. 1 shows the location^ of 
these plants, together with details of the transmission 
lines and the municipalities served. 

On referring to Table 1, giving particulars of the 
various power houses, it will be seen that the largest of 
the plants is situated on the St. Francis River at Hem- 
mings Falls.. The capacity of this station is 36 000 h.p., 
and some details of its construction are given later. 

Next in order, we have the Drummondville power 
house. This is also situated on the St. Francis River, 
approximately 3 miles downstream from the Hemmings 
Falls station, and its capacity is 18 000 h.p. 

Then comes the Sherbrooke power house of 4 000 h.p. 
capacity, this station being situated on the Magog River 
at a point only a few hundred yards upstream from where 
this river joins the St. Francis. 

The next power house is at Burroughs Falls, where 
a semi-automatic plant of approximately 2 000 h.p. 
operates under a head of 175 ft. This plant is the 
cornpany's latest acquisition and was only brought into 
service during the latter part of 1930. 

Finally, we have the Farnham plant of 800 h.p. 
capacity on the Yamaska River. 

With the exception of the Burroughs Falls plant which 
operates under a head of 175 ft., the heads of water do 
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not exceed 55 ft., with the result that the speeds of the 
machines are low. The hydraulic works vary in design. 
Hemmings Falls and Drummondville have forebays in 
the immediate vicinity of the power houses, whilst 
Sherbrooke and Burroughs Falls are constructed with 
penstocks. At the Farnham station the water is brought 
to the machines by canal. 

The four alternators at the Drummondville power 
house are of standard welded-steel design, and are 
equipped with Kingsbury bearings. Two of these 

I T 


excitation for these machines is provided by direct- 
coupled exciters, rated at 100 kW at 125 volts, mounted 
om the top of the main shaft. These machines are con¬ 
nected to the 4 000-volt busbar which supplies the 
factories in Drummondville operating at this voltage. 
Connection is also made to No. 2 transformer bank 
consisting of three 2 000-kVA 4 000/48 000-volt 3-phase 
transformers, which feed a second high-tension trans¬ 
mission line. 

The two transformer banks are housed inside tlie 
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alternators are of Canadian Westinghouse manufacture 
and are designed for 3 126 kVA at 2 300 volts, S-phase, 
60 frequency. The excitation for these machines is 
provided by a water-wheel-driven generator rated at 
100 kW, at 126 volts. As a standby in case of break¬ 
down, an emergency 160-h.p. motor-generator is also 
installed. These two alternators are connected to the 
2 300-volt busbars, which in turn are coimected to 
No. 1 transformer bank, which consists of three 
2 300/48 000-volt 3-phase 3 000-kVA transformers, which 
feed the high-tension transmission line. 

The other two machines are of Canadian General 

a designed for an output of 

6 000 k\ A at 4 000 volts, 3-phase, 60 frequency. The 


power bouse, and are of the water-cooled type. The 
conteol IS effected on the high-tension side by remote- 
control, oil-immersed switches operated from the switch¬ 
board. The station itself is supplied from the 2 300-volt 
busbar through a separate transformer bank, and 
ighl^g protective devices are installed inside and 

outside the power house on the high-tension transmission 
Junes. 

The electrical equipment at Hemmings Falls consists 
01 SIX alternators designed to give 6 000 kVA, 3-phase, at 

“^.chines were originally 
wound for a frequency of 30 cycles per sec., owing to 

M supplying power 

to the Shawimgan Co. which was operating its system 
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at that frequency. The Shawinigan Co. has now con¬ 
verted its supply to 60 frequency, and on the com¬ 
pletion of the tie bank with this company at Hemmings 
Falls, the two machines were rewound to correspond to 
the other four. Further details regarding this tie bank 
with the Shawinigan Co. will be found later in this paper. 

(4) Automatic Power Station. 

In September 1930 the Southern Canada Power Co. 
put into operation its new automatic installation at 
Burroughs Falls. This plant operates under a head of 
175 ft. at a speed of 600 r.p.m., and supplies power at 
2 300 volts, 3-phase, 60 frequency. The turbine is of 
the horizontal variety and was manufactured by Messrs. 


busbars owing to the operation of any of the protective 
devices, an alarm bell begins to ring. 

The power house is a small, brick building on a concrete 
substructure. The dam is a gravity-type, reinforced 
concrete structure and is flanked on one bank of the 
river with an earth-filled dam having a concrete core 
wall. At its highest point the dam is 68 ft. high, 
exclusive of the height of the sluice-gate towers. 

Out of a total length of 490 ft., 140 ft. is accounted for 
by the earth-filled dam, 65 ft. by the sluiceway section, 
and 90 ft. by the spillway, while the concrete wing walls 
and intake section make up the balance. Over 11 000 
cubic yards of concrete were poured into the dam. The 
flood discharge capacity of the sluicegate and spillway is 


Table 1. 


Data Relating to the Power Houses of the Southern Canada Power Co.’s System, 


Location, river, and h,p. 

Head, ft. 

No. of 
machines 

Speed, 

r.p.m. 

Prime movers 

Make 

Governors 

Generators 

Hemmings Falls, St. 
Francis River, 36 000 
h.p. 

55 

6 

150 

Vertical 

turbines 

Dominion 
Eng. Co. 

Pelton 

6 000 V 

60 ~ 

6 000 kVA 

Drunimondville, St. 

Francis River, 18 000 
h.p. 

30 

4 

150 

Francis 

type 

runners 

Dominion 
Eng. Co. 

Woodward 

Pelton 

(2) 2 300 V 

3 126 kVA 
(2) 4 000 V 

6 000 kVA 








60 -w 

Sherbrooke, Magog 

River, 4 000 h.p. 

55 

3 

360 

Horizontal 

turbines 

Canadian 
Boving Co. 

Lombard 

2 300 V 

60 ~ 

940 kVA 

Burroughs Falls, Nigger 
River, 2 000 h.p. 

175 

1 

600 

Horizontal 

turbines 

Morgan 
Smith 
& Co. 

Woodward 

automatic 

2 300 V 

60 ~ 

2 000 kVA 

Farnham, Yamaska 

River, 800 h.p. 

26 

2 

277 

Horizontal 

turbines 

Swedish 
Boving Co. 

Oil 

(Swedish 
Boving Co.) 

2 300 V 

60 

1 300 kVA 


Morgan Smith & Co., Ltd. The generator, which is a 
standard welded-steel structure, is of Canadian General 
‘Electric manufacture, the governor mechanism being 
Woodward automatic and oil-operated. 

The machine is set in motion by pressing a control 
button located on the switchboard. This sets the 
governor mechanism in motion, and, as soon as the 
machine reaches synchronous speed, the station operator 
parallels the machine on to the busbars v Thermo^ 
couples are inserted at various points throughout the 
windings and, in the event of the machine becoming too 
hot, relays trip the generator switch; at the same time' 
an auxiliary relay in connection with this shuts do^ 
the governor mechanism and the entire plant comes to 
a standstill. In addition to the thermo-couples in the 
windings, bearing temperatures afe looked after in the 
same way. Over-speed and overload protection are also 
provided for, relays being incorporated in each ^ the 
drcuits. As soon as the machine is tripped off the 


8 000 cubic ft. per second, corresponding to 136 cubic ft. 
per sec. per square mile of drainage area. 

The penstock intake has been placed 23 ft. below high 
water-level to allow a draw-down of 20 ft. from the 
pond. The head-gate is made of wood and is manually 
operated by means of a screw hoist and a reduction 
u^t. Two 14 ft. X 20 ft. sluice-gates complete the 
hydraulic works at the dam. These gates are electrically 
operated by a single motor, which can be connected to 
the gear drive of either gate by means of a clutch. The 
motor is controlled by two push-button stations at 
convenient points. In addition, the gates are equipped 
with heaters to facilitate their operation durmg the 

winter. _ . . 

Tests were carried out prior to the machine bemg put 
into operation, in order to determine the overall efficiency 
of the unit, also to make a check upon the friction loss 
in the intake and pipe Une, and to estabhsh curves for 
recording the permanent stream-flow. 
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The power of the turbine and generator was measured 
at the generator terminals by using a Weston calibrated 
wattmeter, which was connected to the switchboard 
instrument-transformers. The readings of the switch¬ 
board wattmeter, as well as of the ammeter and volt¬ 
meter, were recorded, the unit being run in parallel with 
the system throughout the test. 

The head-water elevation at the dam was read on a 
gauge-board installed near the intake. The water-level 
at the turbine inlet was obtained from a pressure gauge 
which was connected to a brass pipe tapped into the 
penstock 6 in. upstream from the face of the butterfly 
valve, this being about 10 ft. upstream from the centre¬ 
line of the turbine. The area of the pipe at this point 
was 7*9 sq. ft., the pipe being 42 in. in diameter, 
and the butterfly wicket in the full-open position being 
6 in. thick by 42 in. wide. 


current. The distance from the upstream face of the 
trash racks to the electrode was found to be 2 198 ft. 
Inside measurements of the diameter of the wooden 
stave-pipe showed it to be within in. of 5 ft. average 
diameter, giving a total volume between the trash racks 
and the electrode of 43 000 cubic ft. The quantity of 
water flowing per second was obtained by dividing 
43 000 cubic ft. by the time in seconds for the salt to 
pass from the intake to the electrode. 

Water measurements were made at different gate- 
openings on the governor. Readings were taken of the 
head water, tail water, and pressure gauge in the pen¬ 
stock, with the unit shut down in order to establish zero 
readings; then the unit was started up and run at no load 
and normal speed, further readings of the pressure gauge 
and tail water being taken. 

The unit was then paralleled with the system, and 



The quantity of water required for different loads was 
obtained by recording the time required for a dose of 
salt to travel down the wooden stave-pipe from the face 
of the racks to an electrode installed at the lower end 
of the stave-pipe, just upstream from the surge-tank. 
A specially-designed bucket containing the salt was 
lowered into the forebay, just upstream from the trash 
racks. This bucket was suspended by a rope, and at 
a given signal a second cord attached to pieces of 10-in. 
pipe forming the sides of the bucket was pulled, leaving 
the top and bottom of the bucket stationary and allowing 
the water to force the salt solution into the upstream end 
of the pipe. 

The electrode consisted of two bars of J in. x 2 in. 
strap iron, supported by insulators and spanning the 
^ P®n.stock, an electrical connection being 

out from each bar to a recording wattmeten 
The instrument was connected to the 110-volt lighting 
circuit, with a fixed resistance in series to limit the 


loaded up to full or 10/10 gate. The bucket was then 
immersed in the water at a point approximately in the 
centre of the face of the trash racks, and at a given signal 
the release cord was pulled. At the same time the 
starting point was marked on the recording chart of the 
wattmeter, and readings were taken of head-water level 
behind the racks, also of the pressure gauge, the watt¬ 
meter at the power house, and the tail-water level. At 
full load it required about 5J minutes for the salt to 
pass from the intake to the electrode. Several readings 
were taken for different gate openings. 

The turbine efficieiicy at the various gate openings is 
shown in Fig. 2. It includes the loss through the butter¬ 
fly valve, as it was impossible to get a pressure-gauge 
connection downstream from the butterfly valve on 
account of the turbine casing being concreted in. The 
results show the efficiency, including the butterfly-valve 
loss, to be 87 per cent. The turbine is guaranteed to 
give 87 per cent efficiency at approximately 90 per cent 
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01 full load, and also to deliver 2 000 h.p. to the turbine 
shaft under 165 ft. head. A rough estimate shows that 
the butterfly-valve losses are in the region of to 
1 per cent. 

The total friction loss in the length of 2 549 ft. of 5-ft. 
diameter pipe, comprising 2 177 ft. of wooden pipe and 
318 ft. of steel pipe, varies from 5-3 ft. to 0*6 ft. at 
different flows, this corresponding to a coeflicient of 
friction of between 130 and 140 in Hagen and William-s* 
tables. 

Lake St. Francis station is located 1000 ft. downstream 
from the Allard dam at the outlet of Lake St. Francis. 
The drainage area is 472 square miles. The discharge is 
measured with a Price current meter, a steel cable being 
stretched across the river at this point. The gauge 
readings varied over a period of three years from 
193 cubic ft. per sec. at elevation 89*8 ft. to 2 800 cubic 
ft. per sec. at elevation 94*8 ft. The section of the river 
at this point is about 150 ft. wide, and the river flow 
is controlled by the Allard dam. 

Sherbrooke station, on the River St. Francis, has a 
drainage area of 2 626 square miles. Meter readings over 
three years show a variation in the flow from 763 cubic 
ft. per sec., for a gauge reading of 0 • 9, to 20 735 cubic ft. 
per sec. for a gauge reading of 14* 65 ft. The discharge 
is partly controlled by the Allard and Lake Aylmer dams. 
The flow curve shows a flow of less than 8 000 cubic 
ft. per sec. Above that figure the curve is affected by 
the backwater of the River Magog, which flows into the 
River St. Francis about J mile below the station. 

(5) Hydraulic Works. 

The biggest of the power plants on the system at the 
present time is that at Hemmings Falls on the St. 
Francis River. The works includes a regulating pond 
extending some 6 miles up the river. The use of this 
pond will be very beneficial and will affect future 
developments below it. ^ 


Lake and Lake Massawippi, have still to be developed, 
and it is expected that the St. Francis River will ulti¬ 
mately be controlled to the extent that there will be a 
rehable flow of 3 000 cubic ft. per sec. The positions of 
these lakes can be seen from Fig. 1. The flow-duration 
curve for the year 1925 show’^ed that with the existing 
storage the flow is maintained at or above 3 000 cubic 
ft. per sec. during 307 days in the year. 

The Hemmings Falls development was started in the 
year 1923. The povrer station is situated 2|- miles above 
Drummondville, at a point •where a 15-ft. fall terminates 
a series of rapids, in which there is a total drop of 50 ft. 
in a 5-mile stretch of river. The river banks and bed 
were found to be very favourable at this point and a 
scheme was adopted consisting of a north wing wall, 
power-house section, sluice-way section, spillway, and 
a south wing wall, together with an isolated earth-filled 
dam. Records for 22 years prior to 1926 show’ that the 
flood flow of the St. Francis River was not in excess of 
55 000 cubic ft. per sec. It -w^as assumed that a possible 
run-off of 25 cubic ft. per sec. per square mile is a con¬ 
servative estimate, and on this basis four 50-ft. sluice¬ 
ways were provided at an elevation of 299 ft. above sea- 
level and, in addition, a spillway 507 ft. long, with crest 
elevation 314 ft. This spillway was provided -with facili¬ 
ties for installing temporary flash-boards 5 ft. high, which 
would permit the head-race water-level to be raised to 
an elevation of 319 ft. during seasons of low flow. With 
water at this level, each sluicewray has a discharge 
capacity of approximately 20 750 cubic ft. per sec., 
and three or four sluiceways ‘could easily handle the 
maximum recorded flow. The proposed water-levels 
were at an elevation of 314 ft. for the head-race and 
of 264 ft. for the tail-race, giving a gross head of 50 ft. 

The spillway section was calculated to resist an ice 
pressure of 20 000 lb. per linear foot, acting on a line 1 ft. 
below the crest, plus a hydrostatic pressure corresponding 
to that condition. This requires a heavier section than 


Table 2. 


Variations in Monthly Flow and Kilowatt Output. 


Month (1930) 

St Francis R. 

. Magog R. 

Yamaska R. 

total 

Daily av. flow 

Output* 

Daily average 

January 

P'ebruary 

March 

April .. . • 

May .. • • 

June .. 

cub. ft. per sec. 

232 161 

137 832 

280 067 

644 863 

366 829 

289 442 

cub. ft. per sec. 

36 136 

25 762 

60 929 

93 930 
55113 

70 336 

cub. ft. per sec. 

59 221 

26 445 

26 266 
37762 

30 942 

39 424 

cub. ft. per sec. 

327 518 

190 039 

367 262 

776 545 

462 884 

399 292 

cub. ft. per sec. 

10 566 

6 787 
11847 

26 884 

16 096 

13 306 

kWh 

13 970 760 

12 454 121 
17 383 750 

15 900 940 

16 795 175 

13 988 870 

kWh 

450 669 
444 790 
560 766 
530 031 
559 505 
466 295 

. 


* The total kWh output shown represents the total generated. 


The tributary drainage area is 3 720 square miles and 
includes a number of lakes of considerable size which are 
available for storage purposes. Storage facilities have 
already been provided by the Quebec Government 
through the agency of the Quebec Streams Conimission 
at Lake St. Francis and Aylmer. There are also privately- 
owned dams and outlets at Lakes Memphremagog and 
Little Magog. These, together with others at Brqmpton 


is needed to resist water pressure up to an elevation of 
321 ft., which would be equivalent to 2 ft. of water 
running over the top of a 5-ft. flash-board. For t e 
sluice'way section, the crest of which is lower at t e 
elevation 299 ft., the basis of design was water at the 
elevation 321 ft. with no ice pressure, but allowance was 
made for ice pressure on the sluiceway piers. These 
were calculated to resist the pressure transmitted to 
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them by the gates, pins the direct pressure on the piers 
caused by water at the elevation 321 ft. In addition, 
they were to resist 20 000 lb. ice pressure per foot width 
of pier acting at the elevation 320 ft. 

The sluiceway section between the piers and below the 
gate was calculated to resist the pressure of water up to 
the elevation 321 ft., or 22 ft. above the crest. The 
sections were all developed as gravity sections, but to 
overcome the uncertainties in construction, and unavoid¬ 
able joints between batches, vertical reinforcing steel 
was placed near the upstream face. Since the positions 
and numbers of the horizontal batch joints could not be 
foretold, this reinforcement was made continuous. 

Owing to the existence of seams of shale at certain 
points, two rows of 1|^ in. diameter anchor rods, running 
approximately 10 ft. into the underlying rock, were 
inserted at the heel of the dam to complete an efficient 
anchorage. 

Between the first sluice-gate and the south end of the 
power house a log and trash chute with stop-logs was 
provided, 6 ft. in width, and with a bottom elevation of 
310 ft., which corresponds to 4 ft. below the crest of the 
spillway. Below the log chute is a 7-ft. diameter regu¬ 
lating sluice, with its centre at the elevation 301 ft., 
and provided with an electrically operated pivot valve 
controlled from the power house. The idea of this is to 
provide a mea,ns of quickly letting through approxi¬ 
mately 1 000 cubic ft. of water per sec. in the event of a 
sudden shut-down of the turbines at a time when, with 
sluice-gates closed and flash-boards in position, the 
plants lower down the river would be depending upon 
the flow of water through the Hemmings Falls plant. 

The sluice-gates are of the Stoney roller type, 22 ft. 
high, with a clear opening 50 ft. wide. Four screw-hoists, 
with individual motors mounted on an overhead steel 
structure, operate the four gates. Automatic limit 
switches guard against over-travel when opening or 
closing the gates. The gates are provided with electric 
heaters to allow of their operation during the winter 
months, and a patent air-bubbler system has been 
installed for the purpose of keeping the ice sheet from 
bearing on the gates. This has proved effective, and, 
in addition, it also prevents the ice from forming in the 
vertical seal. The velocity of water at the racks is 
approximately 1 • 4 ft. per sec., and at the head-gate 
section 2-7 ft. per sec. The draught tubes are of the 
Moody spreading type with concrete cones provided 
with cast-iron caps. The tail race is 500 ft. long and has 
a minimum section of I 845 sq. ft. below the elevation 
264 ft. It is designed for a velocity of 4 ft. per sec. with 
water at that elevation and full load on all six units. 

(6) Operation. 

The entire system is controlled from the offices of the 
operating department in Drummondville, a building 
quite apart from the power house. A diagram showing 
every detail of the system is erected bef ore the operator's 
desk. On this diagram, tags indicate the number of 
, machines running at the various power houses, and 
which switches are open or closed throughout the 
system. Particulars of gangs working on the line are 
also posted on this board, with details of the work in 
hand. 
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The system opei*atoi- on duty has entire control of the 
system, and the operators at the power houses have to ] 

receive instructions from him before connecting a i 

machine to the busbars, or taking one off. The loads 
at the power houses are telephoned to the operator < 
hourly, and are plotted by him on a graph sheet. From 
this graph the system operator is able to observe the 
load, and as soon as it decreases by a certain amount 
he gives instructions over the system telephone for a 
machine to be taken off the busbars at one of the power 
plants. When the necessary switching has been efEected, 
the power station operator will report to the system 
operator details of the switching which has been done. 
The whole operation is recorded on the daily log sheet 
which the S 3 »’stem operator has before him. 

Clearances for working parties to effect repairs on the 
line or other parts of the system which are alive, can be 
obtained only from the system operator. When a gang 
arrives at the site of the trouble, the foreman will ring 
through to the system operator and arrange for the 
clearance. When the line or apparatus has been made 
dead, the S 3 ’’Stem operator advises the foreman of the 
working party. During the time that men are working 
upon repair jobs the line or apparatus is '' tagged ** to 
that elBfect upon the system operator’s board and no 
switches are closed until the working party have 
reported all clear. 

Operating costs, including maintenance, are given 
in dollars in Table 3. 

(7) Maintenance. 

Maintenance of substations is efEected by a gang 
whose job it is to move any faulty transformers, and 
to repair bushings, substation equipment, and any other 
apparatus that becomes faulty, including power house 
equipment. The cost of maintenance can be seen from 
Table 3. The maintenance gang operates from the 
Drummondville plant department, and consists of a 
party of six men, including the driver of the equipment 
truck with which they are provided. Every necessary 
tool is carried, including what in Canada is called 
** hot line equipment,’* which enables insulators to be 
changed without interrupting the supply. ^ Spare con¬ 
ductors, insulators, nuts and bolts, insulating material, 
rubber mats, gloves, etc.> are all contained in specially 
designed compartments built round the body of the truck. 

Maintenance of transmission lines is efEected by patrol I 
men who are alloted areas for which they are responsible. 
In the event of a faulty insulator being located, the 
patrol man immediately reports the matter to the system 

operator, giving the pole number and the condition of the 

insulator. He is abletoreport this from the field, as aU 
he does is to climb up the pole, connect his test set, with 
which every patrol man is equipped, and ring through to 
the system operator. If possible the changing of ;^e 
insulator is left until such a time that the least possible 
inconvenience is caused by shutting ofi the supply 
line; this is usually early in the 

Sunday, when factories are closed down. In cases of 
emergency, however, the matter receives immediate 
attention; the patrol man obtains assistance from the 
nearest local offce, and with the least possible delay the 
insulator is changed. 


Distribution lines are all under the super\'ision of the 
local stafE for the municipality served, each town having 
its own of&ce, with a manager and a stafE for installa¬ 
tion work, meter reading, and the care of the local 
distribution lines. 

(8) Troubles. 

Table 4 summarizes the causes of interruptions to the 
supply during the 12 months ended October 1930. It 
is obtained by multiplying the number of consumers 
affected, by the duration of the stoppage in minutes, and 
dividing by the number of consumers on the whole 
system. From this we get that the interruptions to the 
supply represented 0*23 per cent, or that the whole 
system was out for a period of 12*29 hours. Stated 
in another way, the operation was 99*77 per cent of 
perfection. 

Table 4. 

Interruptions to the Supply during the Year ended 
October 1930. 


Lightning 
Insulators 
Conductors 
Bushings .. 

Bad operating 

Line repairs, etc, 

Transformers 

Oil switches 

Wind 

Guy wires 

Sleet 

Trees 

Unknown.. 
Poles .. 
Miscellaneous 


Consu mer-minutes 
Total number of consumers 

.. 296-5 

.. 233-0 

67-3 
34-0 
34-0 
14-9 
.. 13-5 

13-5 

.. 12-1 
6-1 

.. 6-0 

4-6 

3-6 

3-4 

6-0 

737-5 minutes 


Most of the troubles experienced throughout the year 
were due to lightning. Faulty insulators account ^o^^e 
next biggest percentage of troubles; this may be 
due to the fact that the electric strength of some of the 
insulators may have been reduced owing to a flash-over 
during a storm. The condition of the insulators is care¬ 
fully watched, both by patrol men and by linemen, ^d 

during the summer months a special insula,tor tester, 

which enables the insulators to be tested whilst the Ime 
is alive, makes a tour of the system, and weak insulators 

are niarked down on a line report. At the earliest 

possible momentevery insulator that has not pa-^sed the 
test is replaced. Usually the whole line is made dead 
and every available man on the system assists “J^^e 
changing of insulators, thereby reducing the length of 
• the stoppage to a minimum. * 

Ea c h month a meeting of operatives is held at 
mondville. Each power house sends a representatw^ 
and all patrol men and members of the operating s a^ 
who are available must attend, ^he 
discuss troubles, and anyone who has had any during the 
month states his case. The meeting is presided o^er 
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by the operating superintendent, and the entire proceed- 
ings are entered in a minute book, a copy of which is 
forwarded to the head office. Before the meeting breaks 
up, four demonstrations of resuscitation have to be 
given by members of the staff. There is thus no excuse 
for anyone in the employ of the company being unfamiliar 
with the correct method of performing this operation. 
Practices are held every week throughout the system. 

(9) Substations. 

The substations are nearly all of the outdoor type, the 
more modern ones having steel structures, whilst the 
earlier constructions are wooden. The transformer 
banks are usually mounted on concrete bases, although in 
some cases platforms have been built for mounting the 
transformers upon. Connections are made delta to 
delta, there being only one or two exceptions where the 
bank is delta to star, or star to delta. Substation con¬ 
struction follows standard lines, there being no 
unusual features. Transformers for outdoor-type sub¬ 
stations are nearly all oil-cooled and range from 50 to 
3 000 kVA capacity. 

There are two exceptions in cooling practice, one at the 
substation at Sherbrooke, and the other at the switching 
station at Hemmings Falls. Both these stations have 
outdoor transformer banks, but in each case they are 
water-cooled. 

The transformer bank at Sherbrooke was the first to 
be thus equipped, and this was done over six years ago; 
at that time the Southern Canada Power Co. claimed 
that it was the pioneer in adopting this practice in 
Canada. During the winter, temperatures as low as 
40 de^ees below zero are registered at Sherbrooke; fhis 
will give some idea of the conditions under which the 
transformers operate. This bank consists of three 
1 260-kVA transformers, whilst the bank at Hemmings 
Falls consists of three 5 000-kVA transformers. The 
Hemmings Falls bank is used in conjunction with the 
Shawinigan tie, and is a quite recent construction, having 
been brought into operation only during the latter part 
of 1930. This bank is at present connected delta to 
delta, but later is to be changed to star to delta. 

(10) Transmission, 

The high-tension lines of the company are operated at 
three voltages: 306'7 miles at 48 000 volts, 42 miles at 
22000 volts, and 114*6 miles at 13 000 volts. The 
structures are mostly of the wooden variety, although 
steel towers are used, especially where the spans are 
long, e.g. at river crossings. 

The Shawinigan Gompany^s line, which runs from 
Three Rivers to Hemmings Falls, is suspended On steel 
towers the whole way, and where the line crosses the 
St. Lawrence River speciar arrangements have been 
made to vary the tension of the line, the extreme weather 
conditions making this necessary. In addition, as soon 
as the river opens up in the spring, heavy shipping 
1:r^c passes to and fro beneath this line. This line has 
been mentioned owing to the fact that through it the 
Southern Canada Power and' the Shawinigan Co. tie 
their systems together. The height of the wooden 
structures varies between 36 ft. and 70 ft. H frames are 
also employed, but in this case only single circuits are 


carried, whereas a single-pole structure maj?^ carry either 
one or two circuits. Two types of steel tower are em¬ 
ployed, the single circuit and the double circuit. The 
single-circuit tower usually supports the conductors in 
a horizontal plane at a height varying from 45 ft. to 
69 ft. under normal conditions, whilst with the double¬ 
circuit tower the conductors are in a vertical plane at 
a height of from 60 ft. to 100 ft. 

(11) Distribution. 

Distribution transformers rarely exceed 100 kVA, the 
majority being between 1 and 25 kVA. For lighting 
service their spacing varies from 135 to 3 000 ft., the 
average being between 800 and 1 000 ft. Single-phase 
transformers are generally used for this service, with 
2--wire or 3-wire secondaries. 

I For power loads the secondaries of the transformers 
are usually 3-phase delta-connected, and the secondary 
voltage is in most cases 220 or 550 volts. Distribution 
is also effected at 4 000 and 2 200 volts for power pur¬ 
poses. 

Overload protection is taken care of by fuses, porcelain 
cut-outs and expulsion-type fuses being mostly employed. 

Wooden poles are generally used, and vary in height 
from 30 ft. to 60 ft. Cross-arms are constructed of wood 
and are used almost exclusively. The standard dimen¬ 
sions for the arms are: 

8-pin arm: 3^ in. x 4|-in. x 9 ft. 2 in., pins 12 in. 

apart, climbing space 30 in. 

6-pin arm: 3|- in. x 4J in. x 8 ft., pins 14-J in. apart, 
climbing space 30 in. 

4-pin arm: 3^ in. x 4|- in. x 7 ft. 7 in., pins Ul iff. 
apart, climbing space 14| in. 

Cross-arms situated vertically in the same plane are 
usually set 24in. apart; where arms are set at right angles 
to each other a separation of 12 in. is usual. 

Wooden pins and porcelain pin-type insulators are 
nearly always used, iron pins being employed only in 
special cases. 

The conductors for distribution vary from 500 000 
circular mils to No, 6,4/0, and 2/0 American wire gauge 
for higher load densities, and No. 2 and No. 4 for the 
lighter loads. The conductoirs are generally medium 
hard-drawn, or soft-drawn copper, with triple^braided 
weatherproof covering. The configuration is generally 
horizontal, but where other wires of the same circuit 
are on another arm, the vertical spacing is almost 
invariably 24 in. Horizontal pin spacings are usually 
either 12 in. or 14|- in., the 14|* in. spacing being the most 
general, as this corresponds to the standard 4-pin and 
6-pin cross-arm, the 8-pin cross-arm having a 12-in. pin 
spacing. For. street-lighting circuits No. 6 triple- 
braided weatherproof wire is the most commonly used, 
but NOi 8 conductors are also employed. 

(12) Consumers. 

The Southern Canada Power Co. serves altogether 118 
municipalities, covering an area of some 6 000 square 
miles. The total number of consumers connected at the 
end of the year 1930 amounted to 26594. Manufac¬ 
turing concerns account for the biggest load. Drum- 
mondville has possibly the largest number of factories. 



THORNE: HYDRO-ELECTRIC POWER PRODUCTION IN CANADA. 


397 


with Granby next; both these towns have a feir-sized 
population, and the domestic load is quite big. The 
growing popularity of electric cooking appliances, 
refrigerators, and washing-machines is increasing t e 
domestic load, and in several areas new transformer 
banks have had to be installed to meet the demand. 
Small towns which at first only required a lighting 
service have had to have their substations increased in 
capacity for the same reason. Statistics are contained 
in Table 5. It will be seen that over a 4-year period 
there is only a 2| per cent variation in the connections 
for the corresponding months, 

(13) Tariffs. 

General service ,—10 cents per unit for first 600 units 
per month, 8 cents for next 600 units, and 6 • 66 cents for 
remainder. Minimum charge $1 per month; discount^ 
26 per cent; duration 1 year. 

Residential service ,—$2 per month, plus 4 cents per 
unit; or 60 cents per month, plus 8 cents per unit. 
Minimum charge $1 per month; discount 25 per cent; 
duration 1 year. 

Commercial service ,—$1 per month, plus 8 cents per 
unit for first 1 000 units per month, and 6-66 cents for 
remainder. Minimum charge $1 per month; discount 
25 per cent; duration 1 year. 

Cooking ,—4 cents per unit. Minimum charge 

month; duration 1 year; discount 26 per cent. 


cent; duration 1 year. 

{Under 1 000 watts' 
26 per cent. 

Tank heaters *— $6 .1 
per cent. 


consumers who use motors, etc. 


Rating 

Up to 2 h.p. 


Voltage 

110 


110 

560 


2 to 10 h.p. 

5 to 10 h.p. 

10 h.p. (no minimum) 560 
10 to 100 kW. .Primary 


Contract Remarks 

P6, Pit Available also for 
lighting, heat¬ 
ing, and cook¬ 
ing. 

P6, PI 
P6, PI 
PI 
PI 

Over 100 kW. .Any primary PI, P2 
Additional rates are also available for temporary connec¬ 
tions, as shown under contract P6. 

POWER CONTRACT PI. 

Flat rate* 

First kW of max. demand .. 

Second kW .. .. . • 

Third kW .. . • 

Fourth kW .. . • • • 

Fifth kW . . .. 

Each of next 6 additional kW 
Each of next 90 additional kW 
Each kW (100 kW minimum) 

X See below. ^ ^ 

■ ^ Vol.^-7L 


$130 per annum 

..$ 120 :: • 

$110 „ 

$100 „ 

$90 }f : 

.. $ 80 , ■ 

$70 „ 

$7l60 „ 


A Iter native meter rate . 

Service charge. 

First kW of max. demand .. .. month 

Second kW. 

Third kW . • • 

Fourth kW .. .. . • • • 

Fifth kW . 

Each of next 5 additional kW .. $3 

Each of next 90 additional kW .. $2 

Each kW (100 kW minimum) .. $2.25 

Consumption charges, in addition to service charge:— 
For first 60 hours’ monthly use of max. demand, 6 cents 

per unit. , 

For next 50 hours’ monthly use of max. demand, 

cents per unit. 

For additional consumption, 0 • 6 cent. 

Class Power may be used at any time, charge as 
above. 

Class B.—Power may be used each working day 
between the hours of 7 a.m. and 6 p.m., 20 per cent 
discount from above charge. 

Table 5. 




Heating consumers 


Lighting 



No. of 

municipalities 

consumers 

No. 

Percentage 
of total 

b 89 

17 948 

2 678 

14-4 

99 

19 279 

2 982 

16-6 

> 106 

20 781 

3 206 

16 *4 

114 

A 

21 783 

3266 

16-0 


Date 


Dec. 1927 
Dec. 1928 
Dec. 1929 
Dec. 1930 


Duration discounts —than 6 years, net; 5 years 
and over, 20 per cent; 6 per cent allowed for synchronous 
and condenser equipment; 10 per cent allowed for pay¬ 
ment within 10 days. 

POWER CONTRACT P2. 

Rate for service. , . j 

Fixed charge, 11.667 per month per kW of max. demand. 
Meter charge, $1.67 per unit for first 60 units per 
month per kW of max. demand; $1.12 for next 
50 units; and $0,883 per unit for remainder. 

Discount, 10 per cent if paid within 10 days. 

POWER CONTRACT P5. 

Power rate* 

Service required for one month or less. _ ^ 

$6 per h.p. of rated capacity of motor, payable in 
advance, plus $2.60 per h.p. per week or fraction 
thereof, for any service required in excess of 2 

weeks, payable weekly in advance. 

Service available 24 hours per day except Sundays and 
legal holidays. 

POWER CONTRACT P6. 

Fixed charge plus charge per unit .—-Fixed charge, 
based on rated capacity of motor or other apparatus, 

9.A 
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of $1.66 per horse-power per month, plus 6 cents 
per unit. 24-h6ur service except Sundays and legal 
holidays. 

Consumer pays cost of making service available in this 
case. When 3-phase service is required an additional 
$26 is charged towards the cost of metering, plus 36 per 
cent overhead. All property belongs to the company. 

(14) Construction. 

All construction work is carried out by a construction 
gang. New switchgear and apparatus, including new 
transformers, are installed by this section. For big jobs 
the assistance of the maintenance gang is sometimes 
required. This is usually necessary only where heavy 
transformers have to be moved into position and the 
use of the equipment truck is required. A line con¬ 
struction gang deals entirely with the construction of 
new lines throughout the system. Buildings, dam 
construction, and similar work is handled by the Power 
Corporation of Canada, who place the work with sub¬ 
contractors. 

(15) Tie-Bank Connections. 

Early in 1931 the Southern Canada Power Co, and the 
Shawinigan Co. connected their systems through a set 
of 15 000-kVA transformers at Hemmings Falls. The 
transformers are at present delta-delta connected with 
a 60 000-volt connection on the Southern Canada side 
and a 66 000-volt connection on the Shawinigan system. 
Later the 66 000-volt connection will be changed to star, 
giving 110 000 volts. The station is one of the most 
up to date of its kind using outdoor equipment. The 
relay protection is all housed in a small brick building 
centraUy located on the substation grounds. The 


control and metering is all taken care of by a system of 
Fa^k ^ack to the power house at Hemmings 

Interconnection is of great value both to the Shawini¬ 
gan Co. and to the Southern Canada Power Co., since 
low-water conditions occur on the St. Francis River at 
a different time from those on the St. Maurice River 
wMch IS the source of supply of the Shawinigan Co! 
Interconnection also provides the Southern Canada 
Power Co. with ample capacity for all peak loads. At 
penods of high water the excess power on the St. Francis 
is disposed of to the Shawinigan Co., who find a market 
boilers, or in the large chemical works 

at ohawimgan. 

T Unking-up is provided with the Montreal 

Light, Heat, and Power Co. through a Scott-connected 
bank of transformers of 5 000-kVA capacity, and several 
smaller connections are available in cases of emergency. 

(16) Industrial Development. 

Keen interest is taken by the Southern Canada Power 
Co. m encouraging new plants to start up in its area, 
f or tos purpose an industrial department is in operation 
which deals entirely with this branch of the business. 
Over a penod of four years iWs department has brou ght to 
tne attention of manufacturers throughout the world the 
unequ^led opportunities for economic production that 
exist in the district. As a result, 43 new industries 

inTinft Started and give employment to more than 
10 000 people. 

(17) Acknowledgment. 

The author is indebted to the Southern Canada Power 
Co. lor the data contained in this paper. 
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DISCUSSION ON 


“POLYPHASE COMPENSATED COMMUTATOR INDUCTION MOTORS.”* 


Mr. H. M. Clarke {communicated): The fact that the 
paper obviates the necessity of referring to the circle 
diagram of the simple induction motor is probably the 
reason why the author omits the following interesting 


the y axis. Unless becomes comparable with Xc the 
size of the Circle will be only slightly changed. The 
centre will move in such a way as to give an improve- 
ment in power factor, provided cos ^ is positive. Hence 



Fig. A. 


comparisons. Referring to equation 7 (vol. 70. page 374), 

it will be noticed that 

and cos 

So far as Xe is concerned, the commutator has no effect 
and the chord of intercept of the * axfe in Fig. 22 is 
the as for the simple motor, ^nsid^g yc, ,the 

case of the simple motor is obtained when & is zero; 

the centre then lies on the * aaaSv : of the 

circle for the compensated motor only diff^ from that 
for the simple motor according to the va^tions of 
The locus of the centre of the circle is a line parallel to 

• Paper by Ett. J. J. Rud*a (see vol. 70, p. 5«B). 


a nest of circles can be drawn, all passing through O;,^ and 
the other intercept on the x axis, say Og, their centaes 
all on the right bisector of PiOg and displaced from the 
X axis according to the value of 'kE^co& As 

the author points but, the principal effect of the co™" 
mutator is at O', the centre of current vectors. The 
locus of O' is a line parallel to the a axis and below it by 
an amount representing the iron loss, just as it would 
be in the case of the simple motor. The x co-ordinate 
of O' is displaced froni O^ by •®i — 6oJ’ 

or if the usual origin of current vectors for the simple 

motor be called Og (a point on the line y = ^), the new 
origin O' is on this line where OgO' equals sm pi .Kg. 
To sununarize, take the origin of co-ordinates at Oj^, 
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then all the circles pass through OiOo with their centres 
on the line 

x^£!J2X at 

all the origins O' lie on the line 

y ^ — Vn at X = E^(Tc sin jS/JSg) — &o]- 

By this means the lines of load, torque, and copper loss 
pass through the same point for all values of j8. 
The variation of la may also be studied conveniently. 
Fig. A illustrates these points. 

Another interesting point can be brought out with 
reference to equation 1 (page 369) and the expression 
^-^ 2 ) leakage-reactance drop in the primary. 

From equation 1 it follows directly that 

Ji •— -f. /g 

Now 2 q -f is the primary current for the uncom¬ 
pensated motor, and therefore the primary leakage- 
reactance drop of the simple motor is the same as that 
of the compensated motor. The author omits a con¬ 
struction for the slip. Referring to Fig. 8, it appears 

that the term R 2 /[(^ + m)(l -|- m)J is most convenient 
for this purpose. I think that 

(Rotor input)/(Rotor copper-loss) 

is equal to (1 +m)l{s + m); this assumption certainly 
gives the correct result for the simple motor when m. is 
zero. In that case, referring to Fig. 22 (page 377), 

(Rotor input)/(Rotor copper-loss) 

== h^Tl^On) X (PtIPr) 

^ X (sinPOiT/sinPTOi) 

= a(sin POiT/sin PTOj) 


When (5 m) is zero, SM is zero, and P coincides with 
Oj. LM produced in both directions is the slip line, 
L is at 5 = 1 , M is at (s -j- m) = 0, and the length SM 
is proportional to (s -f m). 

Dr, J. J. Rudra {in reply) : Mr. darkens comparison 
of the various loci of the Osnos motor and his proof 
of the equality of the leakage-reactance drops in the 
primary of the Osnos motor and the ordinary induction 
motor, are interesting and instructive. His construction 
for the slip is correct, and it forms a valuable addition 
to my paper. The steps leading to the construction 
need, however, the following further explanation. The 
expressions ** rotor input/^ and '‘rotor copper-loss*' 
in his remarks should read " input to secondary circuit *’ 
and " copper loss in secondary circuit" respectively, and 
it appears from the text that Mr. Clarke really means 
the expressions I have suggested. A pitfall in the 
calculations of the Osnos motor is the resistance of the 
secondary circuit. For reasons already given in the 
worked-out example on page 378, this resistance should 
be taken as ^ 2/(1 + and not as Rg* as Mr. Clarke 
has done. After this explanation it is easy to justify 
Mr. Clarke s assumption that (1 -f“ w ^)/(5 -j- w) is equal to 
(Input to secondary)/(Copper loss in secondary). From 
equation 20 (page 381), 

1 + m 

s-hm B2pJ(l+m)^ 

__ Input to seco ndary circuit 
Copper loss in secondary circuit 

(1-h m)^2rX'^rPm , 

377) 


where « == 

Draw LM parallel to the tangent at T to cut O^T in M. 
Join PT to cut LM in S. 

Then 


where 



« = (1 + 


sin POjT/sin PTOj = sin MST/sin STM = MT/SM, 
and (1 m)l{s + m) = a(MT/SM) 

When s = 1, P moves round to L, and 

(1 + »i)/(l + »»)>= a(MT/LM) 

Therefore 

(« + m)l(\ + m) = SM/LM 


This value for ct is (1 -f- times that given by Mr. 
Clarke. The slip can now be obtained correctly either 
by the construction given by Mr. Clarke or by measuring 
Pt, andp^j, and making use of the relation 
= aP^IPji. The latter metliod is especially convenient 
if the slip/torque curve is required, as to find the torque 
one has to measure Py, and in any case a has to be 
determined to get the slip. 
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PROCEEDINGS OF THE INSTITUTION. 

826th ordinary MEETING, 21st JANUARY, 1932 


Mr. J. M. Donaldson, M.C., President, took the 
chair at 6 p.m. 

The minutes of the Ordinary Meeting held on the 7tn 
January, 1932, were taken as read and were confirmed 

and signed. ^ . 

The President announced that the Council had that 
day elected Mr. W. M. Mordey, Past President, an 
Honorary Member of the Institution, and also that the 
eleventh award of the Faraday Medal had been made to 

Sir Oliver Lodge, D.Sc., F.R.S. . . j 

Messrs. F. B. Allcock and J. Whitcher were appointed 
scrutineers of the ballot for the election and transfer 


of members and, at the end of the meeting, the President 
reported that the members whose names appeared on 
the lists (see vol. 70, page 473) had been duly elected and 

transferred. ^ 

A paper by Prof. W. M. Thornton, O.B.E., 

DEng Member, and Mr. W. G. Thompson, Ph.D., 
B.’sc., Graduate, entitled “The Absolute Measurement 
of High Electrical Pressures ” (see vol. 71, page 1), was 
read and discussed. 

The meeting terminated at 7.50 p.m. with a vote of 
thanks to the authors, which was moved by the President 
and carried with acclamation. 


827th 


ORDINARY MEETING, 11th FEBRUARY, 


President, took the 


Mr. J. M. Donaldson, M.C. 

chair at 6 p.m. ^ 

The minutes of the Ordinary Meeting held on tl^ 21st 
January, 1932, were taken as read and were confirmed 

and signed. ■ . 

A list of candidates for election and transfer, approved 
by the Council for ballot, was taken as read and was 
ordered to be suspended in the Hall. t 

The President announced that, during the month ot 
January, 2 231 donations and subscriptions to the 


1932. 

been received. 


Benevolent Fund had been received, amounting to 
£1182 A vote of thanks was accorded to the donors. 

A paper by Messrs. W. B. Hird, B. A., and J. B. Mavor 
Members, entitled “Electrically-Driven Under^ound 
Conveyors in Coal Mines, and their Economic Advan¬ 
tages " (see page 146), was read and discussed. 

The meeting terminated at 7.18 p.m. with a vote of 
tviatiirg to the authors, which was moved by the Presi- 
dent and carried with acclamation. 


828th ordinary MEETING. 18th FEBRUARY, 1932. 


Mr. J. M. Donaldson, M.C., President, took the 

chair at 6 p.m. . ^ u, 

The minutes of the Ordinary Meeting held on the 
11th February, 1932, were taken as read and were 
confirmed and signed. 

A paper by Dr. T. Settle, Member, entitled Com¬ 


mercial Cooking by Electricity ’’ (see page 171), was 
read and discussed. 

The meeting terminated at 7.35 p.m. with a vote of 
t fgnVs to the author, which was moved by the President 
and carried with acclamation. 


829th ordinary MEETING, 26th FEBRUARY, 1932 


Mr. J. M. Donaldson, M.C., President, took the 

chair at 6 p.m. . , ,dj.v 

The minutes of the Ordinary Meeting held on the 18th 
February, 1932, were taken as read and were confirmed 

andsigned. , 

A list of candidates for election and transfer approved 
by the CouncU for baUot, was taken as read and was 

ordered to be suspended in the Hall. . 

Messrs. F. L. Best and F. J. Lane were appointed 
scrutineers of the ballot for the election and traiBfer 
of members and, at the end of the meeting, the President 


reported that the members whose names appeared on 
the lists (see vol. 70, page 688), had been duly elected 
and transferred. 

A paper by Mr. H. W. Clothier, Member, entitled 
“Metal-Clad Switchgear, Automatic Protection, and 
Remote Control, with particular reference to Develop¬ 
ments during the Last Seven Years ” (see vol. 71, page 

286 ), was read and discussed. 

At 7.32 p.m. the discussion was adjourned to the next 
meeting. 


830 th ORDINARY MEETING, 3Rn MARCH, 1932. 


Mr. B. Welboum, Vice-President, took the chair at 

^ The minutes of the Ordinary Meeting held on the 
26th February, 1932, were taken as read and were 
confirmed and signed. . _ ^ 

The discussion on Mr. Clothier’s paper (see page 285), 


which had been adjourned from the 25th February, was 
resumed- 

The meeting terminated at 8.10 p.m. with a vote of 
thanks to the author, which was moved by the Chairman 
and carried with acclamation. 
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Council for the Year 1932-1933. 

The scrutineers appointed at the Ordinary Meeting 
held on the 21st April, 1932, have reported to the Presi¬ 
dent that the result of the ballot to fill the vacancies 
which will occur on the Council on the 30th September 
next is as follows:— 

President: Prof. E. W. Marchant, D.Sc. 

Vice’-President: H. T. Young. 

Hon, Treasurer: P. Rosling. 

Ordinary Members of Council: (Members) Prof. J. K. 
Catterson-Smith, A. P. M. Fleming, C.B.E., M.Sc., 
H. W. H. Richards; (Associate Member) W. S. Burge. 

The Council for the year 1932-33 will therefore be 
constituted as follows:— 

pcesident 

Prof. E. W. Marchant, D.Sc. 


Colonel R. E. Crompton, 
C.B. 

James Swinburne, F.R.S. 
Sir Richard T. Glazebrook, 
K.C.B., D.Sc., F.R.S. 

W. M. Mordey. 

Sir John Snell, G.B.E. 
Charles P. Sparks, C.B.E. 
Roger T. Smith. 

LI. B. Atkinson. 

J. S. Highfield. 

F. Gill, O.B.E. 


Past«pte6(bent6. 


D.Sc., 


A. Russell, M.A., 

LL.D., F.R.S. 

W. B. Woodhouse. 

R. A. Chattock. 

W. H. Eccles, D.Sc., F.R.S. 
Sir Archibald Page. 
Lieut.-Colonel K. Edg- 
cumbe, T.D., R.E.T. 
(Ret.). 

Colonel Sir Thomas F. 

Purves, O.B.E. 

Clifford C. Paterson, O.B.E. 


J. M. Donaldson, M.C. 

Vicetfptesibents, 

J.M. Kennedy. i F. W. Purse. 

R.K.Morcom,C.B.E.,M.A. | H. T. Young. 

PonoraiB O^reasuter, 

P. Rosling. 

©rbfnaris JUSscmbcvs of Coundb 


W. S. Burge. 

Prof. J. K. Catterson- 
Sihith. 

F, W. Crawter. 

A.;Eiiis.' 

Tlie Rt. Hon. the Viscount 
Falmouth. 

A. P. M. Fleming, C.B.E., 
M.Sc. 

R. Grierson. 

E^W.Hill. 


J. F.W. Hooper. 
Lieut.-Col. A. G. Lee, 
O.B.E.,M.C. 

C. Le Maistre, C.B.E. 

H. A. Ratdiff. 

E. H. Rayner, M.A., Sc.D. 
H. W. H. Richards. 

R. H. Schofield. 

R. P. Sloan, G.B.E. 

J. W. Jv Townley. 

Y, Watlington, M.B.E. 




Students’ Premiums. 

In addition to the Premiums mentioned on pages 143 
and 144, the Council have awarded the following 
Premiums for Students' papers for the session 1931-32:— 

Premiums of the value of £10 each : 


Author 
P. McKenna 

H. H. Taylour, 
B.Sc.(Eng.) 

C. T. Webster 
and H. T. 
Price 


Title of Paper 

The Engineer in Busi¬ 
ness " 

''Mercury-Arc Recti¬ 
fier Phenomena ” 
Three-Phase A.C. 
Commutator Motors 


Premiums of the value of £5 each : 

W. R. Bishop » A Short-Wave Broad¬ 
cast Transmitter " 

J. R. Kennedy, vSome Problems in the 

Design and Econo¬ 
mics of the E.H.T. 
Overhead Line " 

C. F. Lawrence The Construction and 
Operation of a 200-line 
Private Automatic Ex¬ 
change " 

H. Lillie ** Noise " 


W. D. Oliphant, " Theory and Design of 


B.Sc. 

F. Roberts 
A. G. Shreeve 

R. L. Spiller, 
B.Sc. (Eng.) 

C. S. Whiteley 


the Gramophone Pick¬ 
up " 

'' Photo-Electric Cells " 
A.C. Contactors: their 
Design and Service " 
Pyxometry " 

Power Supply to Di¬ 
rect-Current Traction 
Systems" 


Where read 

Liverpool and 
Manchester 
London 

Newcastle 


London 

Newcastle 

Liverpool 


Edinburgh 

London 


Manchester 

Chester 

Sheffield 

Liverpool and 
Manchester 


The Students’ Prize. 

has been awarded for the sessio 
1931 32 to Mr. T. A. Long for his paper on "Th 
Relations between Economics and Engineering.” 

The Page Prize. 

awarded for the sessio: 

PoJt Si? entitlea “ Th 

Post OffiM Radio-Frequency Measuring Installation a 
^taey Interception Station, Frequency Range 16-24 00 
Kilocycles per Second.” 

■ae award for the session 1930-31 was made to Mr 

i entitled "The Theoretica 

nd Practical Traming of the Apprentice Electrician.” 
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Graduateship Examination Results: May, 1982. 

Passed* 


Adamson, W. (Barnsley). 

Bailey, O. F, (Northamp-^ 
ton). 

Bancroft, H. D. (Brad¬ 
ford). 

Bates, J. L. (Nuneaton). 

Beck, C. (Scarborough). 

. Belcher, C. A. (London). 

Bell, J. C. G. (Belfast). 

Bevan, K. J. (London). 

Bradshaw, R. V. (Bristol). 
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STUDIES IN RADIO TRANSMISSION. 
By T. L. Eckersley, B.A., B.Sc. 


Wireless Section 


Summary. 

With the advent of short-wave telegraphy, a new technique 
of echo and facsimile measurement has been develop^, 
facilitating signal-intensity measurements in the wavelengt 
range between 14 and 60 metres. Part (1) of this paper de^s 
with the method adopted of making facsinule 
and describes the results obtained, whilst (2) the 

author discusses transmission problems in the light of mes 
data and suggests the theoretical methods to be employed m 

solving such problems. . -u-i 

Part (3) discusses the problem of scattering, while in Part ( ) 

the author deals with theory. 


List of Symbols. 

« = time. 

\ = wavelength. 

\ =s wavelength in ionized layer — Xo/u, 

Ic = 27r/A. 

V = frequency. 

Vo = critical frequency in ionized medium 

== electronic density, electrons per cm . 

6 == charge on electron, 1*59 X 10“ electro¬ 
magnetic units. 

m = mass of electron, 0-9 X gramme. 

c = velocity of Ugbt = 3 X 10“ cm/sec. 

8 , d, x,y,z = distances, lengths, or co-ordinates. 

Vp = phase velocity. 

U = group velocity. 

V = velocity. 

T == interval of time (facsimile echo times). 

^ __ =s mean time between electronic collisions. 

0 — angle of ray elevation (or scattering angle). 

(j> = angle subtended by transmission path at 
centre of earth. 

_B=!range,i.e.JSo^- 

JRjv = radius of earth. 
h = effective height of Heaviside layer. 
hQ =: actual height of apex of ray. 
n == ray order. 

Z, m, n = direction cosines, 

a = refractive index. . 

r = radius vector from centre of earth (or 
other co-ordinate centre). 
y = recombination coefhcient. 

X = rate of production of ions. 

H = height of homogeneous atmosphere. 

s= absorption coefidcient of ultra-violet light 

(or angle). 

S = intensity of sun's radiation, 
p =s density (atmospheric), 
jSf = electric force (generally inicrovolts per 
metre) 


List of Symbols — continued. 

W = power radiated (watts), 
djj = skip distance. 
a = attenuation coefficient, 
o* or ttc = attenuation factor given by vJM. 

* y = optical thickness of layer. . -k- 

Z = depth of penetration of ray into me Ken- 
° nelly-Heaviside layer at normal incidence. 
a = conductivity (or parameter for determimng 

recombination curves). 

%nS = resultant phase in electromagnetic -wave. 

8y = change of phase (and amplitude) at reflection 
from the Kennelly-Heaviside layer. 

Introduction. 

It is a truism that science advances with the ability 
to make measurements. In the past the progress of 
our understanding of radio 

has been much impeded by the techmcal difficulti«. 
involved in making such measurements. ®«rmg tte 
past decade, however, the difficulties have b^n larg y 
overcome and, with the advent of short-wave 
not only has a new technique of echo and 
measurement been developed, but the^pro^ess of abso¬ 
lute signal-intensity measurement has been so far 
perfected that we have recently been able to make a 
large number of signal-intensity 
wavelength range between 14 and 60 m. By 
of the facsimile apparatus we have also been * 
make a large number of echo measurements. The 
results so obtained, discussed in this paper,_ are of grea,t 
help in analysing the processes of transmission 

Such signal measurements as we were able to rn^e 
were not complete. Only the horizontal component of 
the magnetic field in the wave-front was measured. A 
complete specification would require the simultaneous 
measurement of the fields in three perpendicular direc¬ 
tions, as well as the relative phases of the components. 

Such a series of measurements would obviously b 
difficult, if not impossible, in the pr^ent s^te of the 
art and we have to be content with somet^g on 
much smaller scale. The observations here given com¬ 
prise measurements of the normal component of the 
in the received wave of some of the more importa 
commercial stations working in the r^ge 
and 46 m. They were made systematically throughout 

the course of a whole year. . , „ 

Now measurements alone are not sufficient. Progress 
can only be made in so far as the difficulties of nite^^e- 
tation can be overcome. These difficulties he “ 

the variability of the measured signffi. which makes 
r^eatable observations difficult to obtam and mtroduces 
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considerable uncertainty into the final results, and a 
corresponding uncertainty in the comparison with theory, 
and partly in the inability to arrange suitable experi¬ 
ments. We have to take measurements to suit the 
e.xigencies of the traffic services. 

The interpretation of these results, is greatly helped 
by the set of observations of facsimile echoes which is 
included in tto paper. The facsimile apparatus acts as 
a sort of oscillograph, and records the rapid variation 
of signal intensity and multiple echoes which follow the 
reception of very short impulses; Thus, when such short 
impulses are transmitted, the arrival of the signal by 
various paths is made evident by the separate marks 
on the receiver record. These results are of the greatest 
value in mterpreting the geometry of the rays. It may 
be observed, however, that they give little information 
as regards the energy content of the rays, which the first 
set of measurements supplies. The discussion of ray 
pometry and field intensities thus falls naturally into 
two almost completely separate parts. 

The facsimile observations are particularly valuable, 
as a simple geometrical ray theory can be applied where 
the waves are short enough, and definite and simple 



Fig. 


short-wave range (A < 200-300 m), and that the com¬ 
plete wave methods must be used for the longer waves. 
The author therefore proposes, in the first part of the 
paper, to discuss the facsimile and intensity results, 
aided by information of the same kind obtained by other 
investigators, and to deduce a representative, though 
incomplete, model of the Heaviside layer in so far as 
it affects radio transmission. In the second part of tliis 
paper he proposes to deal with transmission problems 
in the light of these data, and to discuss the nature of 
the theoretical methods to be used in solving them, and 
in analysing radio data in the whole range of wave¬ 
lengths. This, in broad outline, represents the trend 
of development of our research in the last two years, 
and a discussion on these lines seems a fitting continua¬ 
tion to the author’s series of papers on radio transmission 
published in the Journal during the last 10 years. 

PART (1). FACSIMILE MEASUREMENTS. 


The object of these experiments is to record, at the 
mceiving end, a pulse emitted at the transmitting end. 
For this purpose the facsimile apparatus, the principle 



mterpretations of the results can be made. Such inter¬ 
ne ^ reservations which, however, 

Wmlnlfa^'w ’ "Sour in the ray 

take^SouSofi reservations axe 

Tffis short-wave material, although stiU incomnlete 
^be used to lay bare the secrets of fhe HeavSSr^S' 
aort waves axe specially suitable for this purpose 

beyond Sose 

arable by long waves, and because the results of 
increments axe, as stated above, so much eaSw to 
^ei^t C long-wave transmission results, where a 
thIo^StobeS?"“" " -ore complex wave 

Joaowledge of the electrical constitution of the 
^PP^rw Of the atmosphere so obtained ci bfusM 

Stho^lte r transmission S 

Sof Mcient for an accurate speci- 

P A,y methods are only applica,ble to the 


of which can be gathered from the skeleton diagram 
shown in Fig. 1, is used. diagram 

Although tMs is not the place to enter into a full 
£Srbe ? methods, sufficient explanation 

ST™ perfectly clear. 

^ ® and a spot 

of hght from a rotatmg optical system is caused to scan 
tte mess^e. The reflected light from the picture is iS 
to a photo ceU. As the spot of light sweeps oveJ the 
picture the intensity of the light in the photo cell vark^s 
n ^opoiUon to the light and shade in the picture The 

moamate the transmitter. A similar ontical 

. r reproduce them as a picture 
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is very accurately known since it is controlled by the 
scanning speed of the light spot, which in xts turn 
depends on the speed of rotation of the optical system 
controUed by the master oscillator. 

In the original experiments made in 1923 (New York 
to the Marconi beam receiving station, Somerton, Somer¬ 
set) scanning speeds of 30 in. per sec. (76-2 cm per sec.) 
were generally used, although speeds as high as 120 m. 
per sec. were occasionally tried. In the former case 
ft, = 76-2 cm per sec.) 1 millisecond corresponds to a 
distance of 0-762 mm. an interval easily measured if 

the images are sharp enough. -u 

To reproduce distinctly short echoes, winch me 
separated by the order of 1 miUisecond, ihe f^rataon 
of the pulse sent should be small compared with tms, 
so that the direct signal and the echo should not overlap. 
The sharpest pulse that can be sent depends on a number 
of circumstances. When there are long transmission 
lines between the facsimile apparatus and the trammitter 
or receiver, it is generally these which lirmt the sharpne^ 
of the signals sent. The speed of scannmg, thickness of 
the line to be reproduced, and minimum diameter of the 
spot of light, are the limiting factors when there are only 


. Li^ht spot 


JX A 


Fig. 2. 

short lines between the facsimile transmitter and radio 

transmitter. . 

Thus if 8 is the thickness of the line and v the scannmg 
speed of the spot of light, the duration of the pulse 
be 8/« when the spot of Ught is infinitely sm^. It 
is however, not practicable to reduce the hght-spot 
diameter below a certain limit (0-01 in. is the usual 
diameter, so that when this is a finite diameto, J? say, 
the total dura.tion of the pulse is the interval belween 
the moment when the leading edge of the spot of hght 
touches the line and the moment when the laggmg edge 
leaves the line, i.e. (8 -1- D)/® (see Fig. 2). , . 

It is obvious that there is no great gain in reduang 
the thickness of the line 8 to a small fraction of D, for 
D is then the controlling factor. Hence in the plater 
experiments the thickness of the Ime 8 was always 
m^e 0-01 in., and the total duration of the pulse was 

0 - 02 (l/v) sec. j 11 tr„ii 

The dot builds up and dies away gr^ually. Full 

intensity only occurs for 0-01(l/v) sec. With ascan^g 
speed of 30 in. per sec. the duration of the dot is then 

bWeen 0-00033 sec. and 0-00066 sec., in ^gener^ 

quite sufficient to s^axate images Impsecond apart. 
Recently, however, in view of the prevalence of echo^, 
the maximum scanning speed was reduced to 14-4 in. 
per sec., and although, for the purpose^ of f^iP^e 
records, tins speed is found to be sufficient, for the 
recording of echoes it is too slow. 

In such a case 1 millisecond is r^resented by 0 • 366 mm. 


and the shortest pulse lies between 0-0014 sec. and 
0-0007 sec., which is rather too small to seP^s,te mfil 
second echoes clearly. The distance 0-366 inm p 
millisecond is too small to measure accurately in vi^ 
of the blurring of the st^ and finish of the marks 

recorded on the receiver print. 

To obviate this last difficulty, one of the older facsimle 
receivers was set up at Somerton and run at a mffitiple 
of the speed of the transmitter. It was 
best pictures were obtained with a reception sp 
times^ the transmission speed. A little 
will show that with a picture that is composed of 0 - 01 m. 
lines ruled across the direction of scan, a similar typ 
of picture is received. 

The time scale is increased fourfold, and althoug 

I larks of each individual pulse-~caused by the scanning 
f the line—are rather longer than desirable, the records 
ppear to be adequate for determining the spread 
f the signal, i.e. the duration between the first and 1^ 
cho. This, from the practical point ^ 

he maximum speed of transmission without distortion. 

5 all the information that is required. From the theo- 
etical point of view also, it gives the mam, if not the 
;omplete, information required. 

Facsimile Results. 

The facsimile results can be made to yield a ^eat de^ 
if information. Before entering into tlie de^ed method 
if analysis it may be as well to recapitulate, m a summ^ 
manner, the general ideas on which the analysis depends, 
and the assumptions which must be made. 

These have already been partly discussed m a previous 

^^In discussing transmission phenomena some difficul^ 
is encountered in using a consistent nomenclatoe. The 
subject is still very much in a state of flux. There , 
as yet, no accepted names for the various lay^, some 
even conjectural, which together constitute the upper 
ionized regions of the atmosphere. ,,r,nf>r 

In a recent discussion on the ionization of m pp 
atmosphere the opinion of the majority was m favour 
of coining the name " KenneUy-Heaviside layer to 
the lower ionized region at the height of approxima e y 
100 km above the earth. This, however, leav^ the 
upper ionized regions from 200 to 350 km unname . ^ 

view of present usage in many quivers, it seei^ to ffie 
author to be preferable to use the name Kennelly 
Heaviside laye^' to include the ^ole °f the lon^d 
region, and to distinguish the parts by the labels E and 
F E referring to the lower regions at about 100 km and 
F to the upper region above 170 km. sufficient evidence 
having been obtained recently to show ttat these two 
parts are normafly separate. It shoul^be clear, tten, 
in what sense the names KermeUy-Heaviside layer, 
E layer, and F layer are used throughout the paper. 

Returning, after this digression, to the dismssion of 
facsimile reproduction, we find that the received facsimile 
records disdose in general a series of 1, 2. ^ 

separated marks corresponding to the arrival, by difierent 

paths, of a single transmitted impulse. 

The differences of the times of arrival can be measured 

• t L. Eokerslev: “ Mal«ple Signals in Short-Wave Trai^ssion,” Pro- 
c^Aga cff 0/ Bnimeers, 19J0. vol. 18, p. 113. 
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wthconsiderableaccuracy. It is from these measured time 
^erences that the ray angles, effective layer height, and 
aximum electromc density in the Kennelly-Heaviside 
i^’istrate how this may be done, 
we take ae simple case of a flat earth and assume 
that the gradient in the layer is purely vertical. Neither 
“sumptions is justified, and in the more refined 
meaod to be described later the curvature of the earth 
w ac^unt. at least to an extent which very 
OMiderably reduces the errors involved, in all bSfc 
exceptional cases. The assumption of a vertical gradient 
has to remmn. but the consistency of the final results 

“sumption, gives assurance that we are 
not greatly in error on this account, 

ultimately on the well-known 
theorem that the time taken by a pulse projected along 


o am (1/cos ^ 2 ) — 1 and cmi determine the angle of 
the rays recmded. We may put this in another way. 
Ti 2 is the difference in time of traversing the path of 
Signal 2 and signal say 

Now T 2 =-^ so that 

c cos 


(measured) = To — r. = —— 
c cos ft 


— 


(3) 


be computed. The assumption 
volved in this analysis is that Tj is known with sufiicient 
accuracy to determine 6^ also within certain limits of 
accura.cy. The uncertainty in the values of N, h, etc 
depends essentially on the uncertainty of estimating t/ 
The uncertainty is greatest when 9^ is small, for the 



I elevation 9 to traverse the actual 

paths TP QS . . . . R (see Fig. 3) is equal to the 

*0 traverse the equivalent path 
. . . . R, and is 

d 

C cos d ■ ' ' ‘ 

where TR = rf:. 

The difference in time of any two echoes, or echo 
spread as we may call it, is 


_ 

^ cVcos ftg cos dj 


. ( 2 ) 


^® “"'“Pe^dbig angles of projec- 
^ measured. It is the time 

^^®®“ 0*1 tbe record, 

a^ing known, it is possible to find l/(cos 0,) _ i/fcos 1 

The final step is made in assuming that the first mark 
IS made by a signal for which 0, is very small, i e by a 
glancmg angle for which = 0. so that finally we 


9^^^^^ ^ greatest when 

p, and 02 are small. The greatest weight should be 

given to observations where 0 is large. ® “ 

As regards the mode of transmission, the simplest 
assi^ption to make is that the energy of suSS 
short waves* travels from T to R (see Fig. 3) in a S 

Tav^’^^Sf- ’^®®®®*““® between the earth and the F 
layer. ^ Itos assumption, which will be adhered to 
throughout. IS. the author feels, entirely justiS bv 

S’eo m ®-^- record J 

for 60 m and 120 m between Writtle, near Chelmsford 

be defimtely fitted into a scheme of multiple reflection 
(within the errors of experiment). For shallow nniriA 

Su^S'fiten?° tim« are more irregular, and some 
aimcuity m fittmg is sometimes found. 

irregularity to small-angle 

tS2r?L "^?®^ ^^5^®"^- ^ smoothed out in 

akmg ^e means. In dealing with this analysis we 
have to introduce the idea of the *' order of the Ly.” 

• Sianow^erays with x> 18m may reflected at the 
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Thus we may define an nth order ray as one which, in 
traversing the distance between receiver and transmitter, 
is reflected n times from the Kennelly-Heaviside layer. 

A first-order ray is one that covers the whole distance 
in one jump, a second-order ray is one that requires 
two jumps, etc. Although in the determination of the 
ray angle 6 the assumed order of the ray is not of any 
consequence, it does become of importance in deter¬ 
mining the effective height, for we have in the example | 
shown in Fig. 3 the choice of assuming that the effective 
height is h, say, for a first-order ray, and -I A for a second- 
order ray. 

When the orders are small the alternatives are so tar 
separated that it is easy to make a choice, but where 
the order is large, as in the case of long-distance trans¬ 
mission, it is not always easy to decide between an 
^th order and an (n + l)th order ray, say between.a 
9 th order and a 10th order ray, since the alternative 
effective heights differ by only about 10 per cent. 

The uncertainty in the ray order makes itself felt in 
estimating the delay time of the first ray. Added to 
this is the uncertainty whether the glancing-angle first 
ray is kept down below the lower E layer or not. The 
values of can, however, be estimated in many cases 
from the results of measurements of round-the-world echo 
time. This presumably corresponds to the time of the 
facsimile echoes, increased in the ratio pf the world 
circumference to the facsimile transmission distance, 
where the latter is well beyond the skip distance and an 
appreciable fraction of the earth*s circumference. 

Now a knowledge of the angle 6 enables one to deter¬ 
mine the electronic density in the Heaviside layer 
necessary to reflect the ray of this angle. 

The relation on which this is based is* 




or approximately, when ^ small quantity, as it 

always is, 

= + . . . . ( 6 ) 

TTinv^ 

where a? = 

What this naturally implies is that the greater the ray 
angle, the greater the electronic density required for 
reflection, and for a given angle the greater the wave 
frequency and the greater the density required. The 
formula also shows that there is a certain critical angle 
corresponding to a given maximum density in the layer, 
such that rays of greater angle are not reflected, but 
escape. This critical angle is given by 

sm2 0 = - 2* :. . - . (6) 

Observation shows that in general there is a finite 
number of echoes, usually of comparable intensity. The 
maximum delay time between the first and last echo 
measures the maximum ray angle recorded. This echo 
delay in general decreases with increasing frequency, 

♦ See for instance, "Multiple Signals in Short-Wave Tr^mission,*»^ 
ceedingsof the JnstUide of Radio Engimers, W0, vol. IS, p. lX3j also equations 
(13) to (16) on page 411. 


and has a diurnal variation, suggesting that it is 
correlated with the maximum layer density. 

It is assumed, in general, that longer delay echoes are 
not present because they correspond to rays which escape 
through the layer—^that, in fact, the last echo is caused 
by a ray which has the greatest angle possible, i.e. just 
less than the critical angle. On this assumption the echo 
delay time is a measure of the maximum electronic 
density in the upper atmosphere, and this is the more 
accurate the higher the order number of the ray. 

It is conceivable, of course, that there may be enough 
electronic density to reflect higher-angle rays than those 
represented on the record, and that the failure to show 
any echoes of such delay is due to the excessive attenua¬ 
tion of these high-angle rays. Examples of such con¬ 
ditions certainly have been observed. For instance, the 
echo times recorded for the South Africa 16-m trans¬ 
mission at about midday are often much less than those 
recorded slightly earlier or slightly later in the day (see 
Fig. 6). It is hardly possible that the F layer density 
has suddenly largely decreased during this period 
indeed, this is the time when it should be a max¬ 
imum—so that the only explanation is that the 
higher-angle rays are eliminated at such a time by 
attenuation. Nevertheless, the echo time delay gives 
a very faithful measure of the maximum density in the 
layer in all but exceptional cases, which usually bear 
signs indicating their exceptional nature. 

It will be observed that the calculated maximum 
density depends on the actual height of the ray apex 
through the term x in equation (3) . Now x is the ratio 
of the actual height of the apex of the ray to the radius 
of the earth. This quantity is not determined by the 
analysis, although the effective height h is. Using h 
instead of V get a close approximation which is a 
slight over-estimate of N. Now we have seen that /i 
has a range of uncertainty dependent on the most suit¬ 
able choice of the order n of the ray, this uncertainty 
becoming less as n becomes greater. But large values 
of n usually imply high angles, so that again more weight 
must be given to the higher-angle rays, especially m 
view of the fact that the correction to N on account 
of 0 ? becomes less the greater the value of sin 0 com¬ 
pared with 2x. ^ . X 4 .-U 

In the more refined analysis, taking account 
earth's curvature, the influence of the choice of h is 
found to be considerably smaller than shown above, so 
that uncertainties on this account are not serious, an 
the main uncertainty lies in the choice of t^. 

Very briefly, then, the maximum echo delay tune 
measures the maximum ray angle, and hence the maxi¬ 
mum layer densities, and, when the ray order is known, 
the effective height of the layer. These calculations are 
subject to uncertainties, firstly in respect to the estimate 
of Ti, the time taken by the initial pulse or signal, which 
affects all subsequent calculations of N and h and 
secondly with respect to the choice of the order n, 
which directly affects the calculated effective height 
and, through x, to a minor extent the values of 
It is explained that more weight should be given to the 
results derived from high-angle rays than to those 
derived from low-angle rays, since the percentage 
importance of the uncertainties is less in the former case. 
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Method of Calculating the Results of 
Facsimile Echo Work. 

We shall now consider in detail the geometry of what 
we may call the generalized equivalent rays, which 
bear a close relation to the equivalent rays as normallv 
defined. ^ 


Outline of Theory 

{a) Geometrical Principles, Fig. 3 let the distance 
between the transmitter T and the receiver R be d, 
and let the echo under consideration make n reflections 
at the layer. Call the angular distance from T to R, 
i.e. TOR, and the radius of the earth Then 
we have:— ^ 

d = 2nRQ<f )...... (7) 

If c is the velocity of Ught, then hght will traverse a 
distance d in a time dfc. 

We now define a time r such that the actual time 
taken for the nth order echo we are considering to 
reach R from T is (d/c) + t. Actually the velocity of 
the signal will vary during the journey, since in the layer 
it travels with the group velocity which depends on the 
density of the layer. If the energy did travd with the 
constant velocity c, it would traverse a distance which 
we will call 2ndj^, where 


CT 


... ( 8 ) 


The time r is the amount by which the actual time oi 
travel of a pulse exceeds the time taken by light to 
traverse the arc TR. r is very nearly, but not quite, 
the echo time between the main initial signal and the 
nth echo disclosed by the facsimile record, d, may be 
called the generalized equivalent ray path. 

It is obvious that we can represent the distance d, 
geometrically in the way shown in the diagram at TP, 
drawn ^ for n = 4, and that this representation gives 
us a simple picture of the approximate way in which 
a ray passes from T to R. For the moment we shall 
consider the problem to be a purely geometrical one, and 
shall discuss later the connection between it and the 
physical problem with which we are really concerned, 
noting that the connecting link is the definition of the 
time T. The distance d^^ is a subsidiary quantity defined 
: by equation (8) and chosen to give a geometrical picture 
approximating to the unknown geometry of the actual 
ray path. 

_ If 6 is the angle of elevation at T, then PTO 
irr 4- e, and, since ^TOP = ^ by definition of from 
equation (7), it follows that Z TPO ^ Jtt ^6^6: 

^ Pq 4 h, we have from A TOP 




A 




or 


sin^ sm{^ ^ e-<f>) sin (|<7r 4 0) 

^ -- -^0 _ Pq 4 h 

sin ^ cos 4 cos d * .* 


( 9 ) 


Knowing r and assuming a value for n, dL and <!> axe 
known from equations (7) and (8), and so, from equa¬ 
tion (9),. ^ 

d ^ ^ (yp * \ ) 


whence {9 + <j>) is known, and thus 6 is known. Then 
again, from equation (9), 


Rq 4 ^ = 


Rq cos 6 
cos {d 4 <!>) 


( 11 ) 


and so h is known. 

Thus, given r and n, both 6 and h are known, and 
for any given value of d a series of curves can be drawn, 
with the height h as ordinates and the time r as abscissa] 
for a set of integral values of n (see Fig. 4). If distances 
are measured in kilometres and time in milliseconds, 
R == 6 366 km and c = 300 km per millisecond. 

"^en d gets large, there may be a lower limit to n 
which is greater than unity, since 6 must be greater 
than zero. Equation (11) leads at once to the limit 
for 0 = 0. 


(Rq 4 h) cos ^ = Rq 


i.e. h = i?o(sec ^ - 1) = J?o(sec - l) . (12) 


This equation gives the lower limit to n below which, 



to make the geometry possible, A would have to be 
^eater than is consistent with the actual experimental 
facts. 

(6) Physical Principles.—In the light of the work of 
EccIm, Laxmor, Appleton. Breit and Tuve, and others, 
particularly Appleton* and Schaefer and Goodall.f we 
anticipate the results and accept the general ph 3 ;sical 
picture of two distinct layers, a lower one at about a 
height of 100 km, and an upper one between 200 and 
360 km. The lower layer has an ionic density of about 
10 ? ions per cm® and is responsible for the reflection 
of long wireless waves. The upper layer has a con¬ 
siderably higher density and is capable of reflecting 
short waves which escape through the lower layer. The 
so-called " reflection " is really a process of refraction 
due to a density gradient in the layer, and the relation 
between the refractive index and density can be worked 
out by the electromagnetic theory, and has been applied 

by Eccles to the Kennelly-Heaviside layer. 

If N is the ionic density at any point in the layer 

ISSofvX 128^1“^ ^ Prooeedings of Oe Royal Socioty, A, 
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and V the frequency of the wave traversing the layer, 
the refractive index fx at the point is given by 

2 = 1^^ .... (13) 

^ Timv- 

where e is the charge on the ion (i.e, electron) in electro¬ 
magnetic units, and m is the mass of the electron in 
grammes. 

This may be written 






where 


= Neh^limn) 


. . . (14) 


Uq being the critical frequency in the layer at the point 

considered. . 

As the density N increases, the refractive index 
becomes smaller and the upward ray is gradually bent 
round and, provided N gets large enough, is turned 
down to earth again. The exact path by which the ray 
traverses the layer depends on the gradient of the layer, 
but if the angle of elevation at the surface of the earth 
(where u, = 1) is Oq, then it follows that the maximum 
height, as determined by ray theory, to which the ray 
penetrates, is given by /iq, where 

(Bo+ hQ)ix = BQ cos 

being the refractive index at the height ho- Substi¬ 
tuting from equation (13), 


1 - 


Trmv^ 




COS^ da 


1 --® = 
X -o - 


; cos® Oq 


(1 + aj)2 

(1 - 2a; + 3a;® - 


. . .) cos® $0 


/. sin® 00 + 2.r cos® 6^ 

or, if 00 is small but not in comparison with a;. 


of the. journey the angle at which the reflected ray strikes 
the earth may differ from the initial angle of elevation, 
and if it makes several reflections between the trans¬ 
mitter and the receiver the spans of the several reflections 
may not be equal and the maximum height may vary 
from one reflection to another. This would apply 
especially for an east to west transmission. Owing to 
lack of information, however, we assume that the layers 
of equal density are concentric with the earth's surface 
over the distance considered, since this assumption is 
found to lead to reasonable results. 

The ray path is thus assumed to be similar to the 
geometrical form given above, except that it is rounded 
off at the top. If the earth be assumed to be flat and 
the layer parallel to it, it can be shown that the time 
taken by the actual curved path would be the same as 
if the ray travelled with the velocity c in a straight line 
to an apex and down again; but with a curved surface 
and layer this result becomes slightly modified. 

Whereas the angle of elevation called 6 in the geo¬ 
metrical argument should be equal to the angle 9q for 
the flat earth by virtue of the above stated theorem, 
there will be a slight difference in the actual case of the 
curved earth. If t is the time taken by the ray to reach 
its maximum height, and if cf) is the corresponding 
angle subtended at the centre of the earth, then it can 
be shown that t is given by 


(16) 


Writing a; == and using the relation (14) we have 


V® 


= sin® 00 -1- 2a; 


, (16) 




oBq cos 0q 


(17) 


where r is the radius vector from the centre of the earth. 
Since r increases from Bq to (Bq + as (j> increa^s 
from 0 to < 5 ^, it follows that t lies between Eo<^/(c cos 
and (Eq + 2 y^/(c cos 0o) approximately, and may be 
represented by 

^ _ (Eq + sy 

c cos 0 q 

where 8 has a value of about unity. . • 

Using the same time t we deduce an equivalent height 
and an angle 0 corresponding to a distance d, as in the 
geometrical theory, and get 

Bq h 

dJo and == - T " 

sin (p cos u 


This expression shows the maximum value that 6q 
can have for a wave of frequency v to be reflected from 

a layer in which the maximum density corresponds to 

a critical frequency vq. Ea]^ startup with larger values 
of 00 escape through the layer. We thus have an upper 
limit to the order of the reflection which is directly 
related to the maximum density in -the layer. 

For short waves the lower layer produces ve^ slight 
bending, and the ray travels in an almost straight line 
until it reaches the upper layer. Rovided tbe ihitial 
angle is not too large the ray wiE be bent round a^ 
returned to earth again, unless the maximum density 
is insufficient to bend down even the rays _ which leave 
the earth at a glancing angle, e.g. late at night for very 
short waves. As the gradient of the layer, may vary 
at a given height, from place to place along the course 


Ra “f* ^ . jr 

5 = - sm ffl 
c cos a 


(18)- 


The relation between 6 and Oq for the curved earth is 
therefore given by 

(Bo+i^ = (A±A)sin,i 

c cos 00 CCOS 0 

In applying equation (15) to determine N vre have 


_— 1 - . cos® 00 

wwv® {Bo + Ao)® 


(19) 


and since tiie time between the transmitter and receiver 
is 2n<, assuming n reflections where i is as above, and 
therefore 2nt = (d/c) + t by definition of r, then 
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COS 


= (-^0 + 8 ^ 0 ) d 


•■• = 1 _ (i2^ + SAo)2/(iJo + X d?l{d+CTf 

If we assume 8 = 1, this gives 


^ ^ rnni^ r cr(2d + ct) ~| 

eV L (<i + ot)2 J 

_ wmP 0T(2d + ct)“] 

~ e^A^L (d + ct)2 J 


where A is the wavelength. 

If A is measured in metres, inserting the values for 
m and e. the expression becomes 


__ 1*117 X 10 ^ r~ CT{2d -f- ct)*1 

A2 L“P + ct)2 j 


( 20 ) 


For srnall values of t the expression in the brackets 
approximates to 2 ctM but for practical purposes it is 
^st to draw a series of graphs for required values of 

If 8 is not equal to unity, this would involve a correc- 

^ + \) inside the brackets 

m (20) but It IS m general negUgible, and the Umits of 
error of experiment do not warrant its inclusion, even if 
8 were known. , u 

Application to Facsimile Measuvements. 

_The me^urement of the facsimile records gives us in 

Se gIJ T ^ knowledge 

of the G.M.T. at the receiver and the highest-order ecL 

pr^ent, an approximate method of determining the 
rate of rwombination in the F layer during the night 
^ recombmation proceeds the higher echo^ disappear 
in turn, givmg the time at which each corresponds to 
tte maximum density in the layer at the moment of its 
disappearance. 

_ The determination of the time t presents a difficultv 
sin^ 1 ^ IS not directly given by measurement The 
^sig,^ on the records does not correspond to the 

earth, but usually 

to the lowKt-order reflection possible, as determined by 
.Ration ( 12 ). It therefore itself corresponds to some 

interval between the main 
signal and some particular echo is t' (obtained directlv 

isgiVe?by^°^^*^* ^ required for our equation 

T:—t'+'to', ;..y.,,;(2i) 

We must therefore make an estimate of t„, and this 
^ nncertainty which may in some 
cases be serious. The mam signal corresponds to a 
angle of elevation, and during the davtime 

m^dSed^?^ or senSlsly 

modified by the E layer. The time t„ may therefore 

it would be if the lower layer had 
r^?md suggests ta^g as a lower limit the value 
zero, and as an upper limit, the time that a ray would 


take if there were no E layer present. We may 
possibly by these means obtain some information as to 
toe behaviour of glancing rays. It is obvious that toe 
difference between toe two points of view will be most 
marked on toe short echoes. The problem would be 
much more definite if conditions in toe layer remained 
consist, and accurate and consistent measurements of 
toe time t' could be made, but in general a reasonably 
accurate value of t' can only be obtained by averaging 
a large number of readings which vary considerably 
among themselves. 

The following method is very useful in deciding toe 
probable order of the echoes. When toe average r' 
values have been obtained for toe various echoes, the 
y^ues are marked off along a time scale and fitted to 
the set of (hr) curves drawn for the given distance d 
wito toe same time scale. The origin for toe scale of r' 
values must be adjusted to lie on toe curve corresponding 
to toe order of the main signal, or on toe axis if t„ is to 
be ^umed zero. If there is any marked difference in 
toe height A for the different-order echoes this should be 
apparent with Tq = 0, and if tq is not assumed equal to 
zero some allowance should be made in the fitting of 
the time scale to toe curves to take account of variations 
in A. In general, however, the results are not sufficiently 
^urate to admit of these refinements in adjustment. 

It IS a matter of using discretion in individual cases, and 
actual practice in fitting the values to toe curves will 
p.ve a better idea of toe process than can be conveyed 
^ **^® appropriate yalue of r. has been 

decided the (At) curves give the values of A and n. 

It IS usually obvious which value of n to choose, and the 
corresponding ionic density is determined directly from 
equation (20), remembering that t = t' -1- from 
equation (21). For this purpose it is convenient to 
draw a graph, with AT as ordinates and r as abscissaj for 
eacn set of stations and wavelength. 

It has been shown that it is uncertain just to which 
part of toe course between the transmitter and receiver 
toe density JV deduced corresponds. In developing the 
theory it has been assumed, in order to simplify toe 
geometry, tlmt the density is uniform along toe path at 
any pven height. Ei^eriment shows that from this point 
of view toe as^mption was justified, or, in other Words 
variations which do exist do not seriously affect the 
geometry. In determining the recombination curve it 
K n^sary to know something of the variations ’of 
density^along toe course, especially if it is desired to 
obtam by extrapolation from toe recombination curve 
toe yalue^of N at sunset. In an east and west trans- 

m?v dFffi! t at transmitter and receiver 

may (Mer by several hours, and an idea must be formed 
as to toe position of that part of toe layer which reaUy 

detenmnes toe longest echo that can be transmitted. 

P“^ rile course will be 
situated over one station or toe other, dependent on toe 

m an east to west transmission toe 

*® station, 

mght IS more advanced and toe recombination 
fmtoer advanced than over toe western station. But 
at sunrise at toe eastern station toe place of least density 

mwes along the course westward until it is over the 
western station. Account must be taken of this trans- 
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ferencein using an aU-day facsimile run to d^uce a curve 

showing the variation of ionic density with local time. 
Discussion of Results. 

The material consists of a large number of facsimne 
records taken during April, May, June, and 
on stations at KUphevrel, South Africa ^ayelen^hs 
16-1 and 33 • 7 m) and Drummondville, Montreal, Canada 
(16-5 and 32 m). Each record comprises a reproduc¬ 
tion of a sheet ruled with lines 0-01 in. thick and 
1 in. apart. 

The records were transmitted with the ma,ximuni 
available scanning speed of 14-4 in. per sec., 
tically every case were received at a scan^g speed exa^y 
four times this. Each picture comprises the recordmg 
of over 1000 individual pulses and them associated 
echoes. Examples of parts of 

shown on Plates 1 and 2 (between pages 420 and 421). 

There are altogether 35 sheets on Montreal (32 m), 

24 on Montreal (16 m), 49 on South Africa ( 33-7 m), ^d 
208 on South Africa (16 m), together with y^ious othere 
(13) taken on the 37-m beam station at Dorchester to 
show scattering. A number of the 22-m 
Somerton records were also selected for re-exa ^ • 

These were run at the same scanning speed at receiver 
and transmitter. The scanning speed in this case was 

^Tog^er with these are the records of two facsmile 
tests between Writtle, near Chelmsford, and Somerton 
Somerset, (distance 227 km) on 60 m and 120 m, earned 
out in 1929, which will be discussed in due cmirse. 

The method of dealing with this r^er formidable 
amount of material was as foUows:—The sheets were 
examined one by one, and those which 
echoes were selected for measurement, pch sheet 
usually afforded 20 or 30 measurements chosen more 
or less at random. Special attention was pai _ 
series of records taken at intervals of about 1^ hours 
throughout the night on 30-m transmissions from 
Montreal and South Africa. These show, as^ ^ 
been explained, a regular decrease of echo tune as the 
night advances (illustrated in the examples of Plate 1), 
and a corresponding decrease in density. The vmation 
of density with time after sunset, when the lo^mg 
agent is removed, gives a very good measure of the 

recombination in file upper atmosphere. . , . 

The salient features of the material, which can be 
faiTAn in at a ^ance and without elaborate measure¬ 
ments, are iUustrated by the few examples shown. 
Consider Montreal first. Two records typical of con¬ 
ditions between 1900 and 2000 G.M.T. taken on 32 m 
and 16'4 mrespectively are shown [Plate 2 (1) ana (2)J. 
The former gives a maximum echo spread of about 
6 mmigAmtids . with traces at about 6 n^seconds, while 
the latter gives a spread of 0-95 millisecond. Thus 
the 16-m transmission is very much freer from long echo 
than the 32-m transmission, the echo spread on 16 m 
less than one-fifth of that on 32 m. This is m 
complete accord with the results predicted in the auttor s 
paper “ Multiple Signals in Short-Wave Transmission, • 
wlwre a large reduction in echo time with wavelengths is 
predicted. 


Theoretically, in equivalent F-layer conditions the 
echo spread should be proportional to the traMmission 
distance, and so we might expect the South Afncan echo 
spreads to be nearly double those on the Montreal route. 
Actually for 33-m transmission this is by no means fhe 
case, and the reason for this can be seen on e^mmmg 
the South Africa-Somerton path. Durmg the ^ly 
summer season, when the results were taken, -toe norteem 
part of the route is weE in daylight when the sou^em 
laxt is dose to sunset, when the maximum echo delays 
might be expected, but it is not until nearly toee or 
four hours later, after sunset at Somerton, that any 
successful facsimile transmission on this wavelengte can 
be obtained. At this time the maximum density at 
the Soufli African end is so much reduced that high- 
angle rays are no longer to be expected. ^ 

But even where at about 1900 G.M.T. facsimile trms- 
mission can be obtained, the echo times axe less *h^ 
would be expected from the conditions at South 
African end. This result can be attributed to me 
absorption of the high-angle rays in traveling the 
rather long route from South Africa, a conclusion which 
derives some weight from the foUowmg o^servatao^. 

A series of records was taken on South 
the night of the 21st-22nd May, 1931. Although the 
first of these was taken some hours after sunset at Soutn 
Africa, the echo time actually increased imtially and 
then dropped in the normal manner towards suimse at 
South Africa. This can hardly imply that ^yer density 
actually increased from 1900 to 2100 G.M.T., but mu 
imply that the higher-angle rays, which should ha^ 
bem present from 1900 to 2100 G.M.T., were attenuated 
in travelling the long distance. 

These results suffered considerably from high-angle 
attenuation (which comes into play at ^uffic^t dis¬ 
tances), and were therefore not of great value for deter¬ 
mining layer densities, but ifirT 

hinting at the attenuation characteristics of the layers. 

The 16-m South African echo sprearfr , 

and show evidence of very 

attenuation. This is especially marked *^® ™ ^ 

signals and is illustrated in Fig. 5, 
maximum layer electronic density ^ a 
time (G.M.T.). The ordinates giving density ^e ot 
course uniform functions of the echo sprea , 
a similar, but not quite uniform, -®^®^ 
give this quantity. The salient feature of ^® ^ 
tee apparent dip in maximum density at a little ^ 
midday (1230 to 1240 G.M.T.) at a time when there 
is no ^oubt that the density should be a 
The decrease in echo spread at this time i^st e _ 
attenuation of the higher-angle ^T 

particular interest is that tee dip occurs at 1230 
but the minimum signal strength (as detemme y 
diurnal signal curves) occurs teroughou y 

between 1000 and 1100 G.M.T. -u.vu rn+<a 

These results imply that tee ^-ttenuation^ch crj 
out the high-angle rays (as shown in the facsimffe ^ults) 

tion is the discrimination between ^“8^ 
rays, the former being much “®’'® ^ 

the latter. The feature of E-layer attenuataon is that 
it attenuates all shallow-angle rays practically equally. 
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It is therefore reasonable to attribute the attenuation 
observed in the facsimile results to F-layer attenuation, 
especially as it occurs at a time when the F-layer 
density is a maximum, i.e. about 1 hour and 40 minutes 
after the time of maximum density in the lower layer. 

In comparing these South African results with the 
similar Montreal results in respect of maximum layer 
densities, only the maximum echo spreads should be 
taken into account. Comparing, then, the two echo 


ing the records, these occasions seem to correspond to 
periods of magnetic storms. The author is inclined to 
attribute them to violent scattering which, from other 
evidence, seems to accornpany magnetic disturbances. 
On the same lines he thinks it likely that the irregular- 
echo patterns observed in normal transmission are due 
to more or less normal scattering. 

Consider, for instance, a normal high-order ray repre¬ 
sented by AA' BB' CC' DD' E .... 4th order (Fig. 6). 
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Fig. 5. —^South African route. 


spreads, they are approximately 0-96 millisecond in the 
case of Montreal and between 1-6 and 2-0 milliseconds 
in the case of South Africa. The ratio is, as it should 
be, approximately the ratio of the two distances from 
Somerton, England. 

These considerations are of great significance in long¬ 
distance facsimile work, for if there is greater attenuation 
on high-angle rays than on low-angle ones—-as the evi¬ 
dence seems to suggest—then at sufficient distances 
only the lowest-angle ray will survive, and perfect fac- 
simle will be possible. This suggests that long distances 
will be better than short ones for facsimile work. The 
fact recorded that round-the-world signals are free from 
short echo is naturally explained, as is also the obser¬ 
vation common among traffic-handlers, that of the beam 
cmcuits Australia—-tlie most distant—can be run at the 
highest speeds and is, in fact, freest from signal spread 
due to quick echo. To take practical advantage of 
this it would be necessary that the difference in 
attenuation of high- and low-angle rays should be so 
great that the higher-angle ray is reduced to negligible 
proportions before the lower-angle ray is reduced below 
noise-level, which conditions can be satisfied if the 
power-level at the transmitter is sufficiently increased. 

Many of the records show very coihplex echo patterns, 
which vary from moment to moment. Others are 
much more regular and, show consistent values of 
echo time which, on taking means, give values with 
small probable errors. In the case of South Africa 
(16 m) there is a type of irregular delay echo which, if 
computed in the ordinary way, would give excessive 
and Regular values of N [see Plate 2(3)]. On examin- 


If during the course the ray were diverted a few 
degrees into the direction of the next higher-order ray 
(the 5th, say), then this composite ray would arrive at 
a time intermediate between the 4th- and 5th-order 
normal rays. Reasons will be given later for supposing 
that small scattering deviations can occur without 
appreciable loss of energy, so that the final result will 
be a displaced echo. The rapid variation of such irregular 
echoes from time to time precludes the assumption that 
they are due to any regular horizontal gradient in the 
layer. The high-angle echoes disclosed by the 60-m 



and 120-m Writtle-Somerton facsimile tests are much 
more regular, a result which naturally follows from the 
fact that small-angle deviations of the ray paths in 
such a case make but little difference to the observed path. 

There is a record of Montreal taken during a magnetic 
storm, not sufficient to cut out all signals, but to reduce 
them very considerably below normal level. This is 
illustrated in Plate 2(4), which can be compared with 
Plate 2(1) showing the normal facsimile at this time. 
The magnetic-storm record is characterized by the almost 
complete absence of echo, and hence of high-angle rays. 











If tMs is a normal storm condition it shows that sisals 
are weakened by high-angle attenuation at such tim^. 
and hence, at least in the less severe cases, stomK act 
chiefly by increasing the attenuation of the upper layer. 

The most important information given by facsimfle 
records can be obtained from the series of mght records 
already referred to. The importance of these depends 
on the fact that after sunset, when, as presumed, the 
ionizing agent is removed, the reduction of the layer 

densit/is controlled almostentirely by recombmatio^ so 

that density measures at this time should, if sufficiently 
Sur^r ffive a precise measure of the electronic recom- 
SatSn JiefficiLt undisturbed by other mcalculaffie 
factors The knowledge of the recombination coefficient 
nlavs a prominent part in our understanding of the 
&haviou?of the Kennelly-Heaviside layer and in con- 
^Xg an adequate model of it. The f 

the measurement of this quantity 

application to radio, it is an essenti^ physical con^nt 

wffich (under the condition in the Ke“neUy-^avinde 
laverl it is impossible to measure in a laboratory. The 
reLlts have therefore been very carefully analysed wi 
a view to the determination of tto , 

The greatest weight can be given to a set “ ^“ds 
taken onMontreal during the night of the 
1931. These comprise six records taken at &e foUow g 
fimfis (G.M.T.)2046, 2210, 2365, 0130, 0316, 0405. 

* EnlLged sections of the records are 
It is easy to see at a glance how the ^ho tame 
decreases L the night advances, showing the gradual 
decrease of maximum density in the F layer- 

A large number of measurements were made, gi^g 
the times of the last echo, and any oti^®\®dhoes that 
were clearly defined. From the average echo delay fOT 
each record the corresponding maximurn layer density 
was derived by the method already described 

The final results depend on the estimate of the ti 
taken by the initial signal to traverse the path, or 
is essentially the same thing—the value of To, the 
difierence between this time and d/c. 

Two values of tq were used in determumg 
final results. The first value. To =0-17 milh^n^ 
was obtained by assuming that l^®re 
electrons in the E layer (at least durmg 
part of the run) to hold down the 
second, value of Tq was obtained ^ 

that even the lowest-angle ray penetrated the E lay^. 
and traveUed in conditions simUar to 
world echoes. In tans case we can use the me^^ 
ments of the time delays of these ^ho^ V ^J 

value of To- Thus the results of Quack, Taylor and 
Young, etc., can be applied. , , t 

In thtee results we have the measured value nf th 

time taken by the echo to traverse 

of the world. We may express this as_ (2wE^c) -t 

St is the extra time taken by the pulse in encn^ng 

Hl(rt)e. on accouiffidf the fact 

fro between the eartii and the Kehnelly-Hea^ide layer 
it travels at a mean radius greater than that of the 
03xtitl» ■■■ 

From the available observations 8 t does not nppear 

to vary systematically with the wavelmi^. A me^ 
weighted value of 4'7 millisecondshasbeaitaken. From 


what has been said before about 

attenuation, it is clear that this time, added to MBJo), 
is the time taken by a pulse on the toesi-angle ray to 

traverse the circumference of the earto. Mnntreal- 

If this quantity is reduced m the ratio of the Montreal 
SoirtSn^ist Jce to that of the earth/s circu^-ence, 
we have a close approximation to ^e tame o 
the initial gt Er>a.l from Montreal to Somerton. The con 
Sti^ron tfe round-the-world echo patli ^d t^e on 
the Montreal-Somerton path are ^ j 

maVft such an assumption legitimate. The o 

is then 0-68 millisecond. 

If the decrease in density in the F layer is co - 
ditioned wholly by recombination, as we assume, tne 
progress with time can be determined from the recom¬ 
bination differential equation, which is 


dt 


= -yN^ 


( 22 ) 


where v is the recombination coefficient. 

liN. is the value of N at sunset (when pure recom¬ 
bination starts), then the solution of this equation gives 


N = 


JNT* 


1 -f" yJV gt 


or 


i A , . 


. - (23) 


{being the time after sunset. .. »inr,e of 

The relation between IIN and t is Im^, P 

the line being the recombination ^o^^ent ^d 
intercept on the vertical axis at« = 0 bemg 1/A*. _ 
wSSig the results out on the assumption that 
T = 0 - 17 ^millisecond, the first four points he weE along 

on a straight line giving the charaotenstacs 

JY = 4-6 X 10® electrons per cm® 

y = 9-3 X 10““- 

which, of course. wEl also be the values obtained by 

STtta 

(which the author considers to be more prob ), 
values for N, and y are 


jy, = 6-2 X 10® . . 
y == 9-6 X lO'^ 


. electrons per cm® 


The final results are. it wEl be seen, not 
to change in t,, so tha,t we may consider these valu 

to be fairly weE determii^- ., ,001 at 1900 G M.T. 

A record taken on the 9th Apnl, 1931, at l»wu 
vave a large number of separated echoes, and assuming 

^ n.l7^there were definite echoes correspondmg to 
To = 0-17 mere wereuou k.<> v 10® with some 

N = 4-6 X 10® and a few to A = 6-2 X lu , 
evidence of an 8th-order reflection which, with Tq 

of’flS (le ») 
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were some very faint, smudged, but still quite definite, 
echoes. They gave consistent values on measurement, 
and with Tq = 0*58 the density value was. 9*75 x 10^. 
This value is considerably higher than that determined 
for 32 m. The results may be spurious, owing to the 
partial reflection of rays of greater than the critical 
angle, or they may be due to scattering. The normal 
16-m Montreal echoes on records taken between 1900 
and 2000 G.M.T. gave N values (assuming Tq = 0 • 58) 
equal to 6 • 8 X 10®, a more reasonable value. 

At the same time as N was worked out, the effective 
heights were determined. There were hardly enough 
of these to give very reliable values, but the approximate 
values obtained for different ray orders are as follows:— 

Order Effective height 

3 336 km 

4 324 km 

5 334 km 

6 337 km 

7 326 km 

There appears to be no systematic variation with the 
ray order, as might at first sight be expected. With a 
graded layer the lower-order rays, with smaller angles 
of elevation, might be expected to give lower effective 
heights. In this connection, however, it must be remem¬ 
bered that the lower-order rays were measured later at 
night, when the density has everjrwhere decreased, so 
that the reduction in effective height of the ray on 
account of the lower order is probably compensated by 
an increase in effective height caused by a general 
thinning of the F layer. 

The New York-Somerton facsimile results originally 
discussed in the author’s Multiple Signals in Short- 
Wave Transmission”* have been re-examined in the 
light of the more refined method of analysis. In parti¬ 
cular a 24-hour run taken on the 21st and 22nd October, 
1928, provides material for a nearly complete diurnal 
curve of N, Considering first the night records from 
which values of and y comparable with the recent 
Montreal values can be obtained, we have, as before, to 
decide on the possible alternative values for Tq. 

As in the case of Montreal, the alternative values 
correspond to the assumptions:— 

(1) That the initial ray is held down by the E layer. 

(2) That it penetrates this and that the echo delay is 

dl[2rrB^ times the round-the-world echo delay. 

These assumptions give for tq the values:— 

In case (1) 0 *19. 

In case (2) 0 * 635. 

In working out the results with these two values of 

it is found that the last value of 1/N, which is always 
the least reliable, lies well off the straight line deter¬ 
mined by the other points. In the following calculations 
it is therefore neglected. 

Assuming Tq = 0*19 and rejecting the last point, we 
get 

6-1 X 10® and y = 5-92 x 10“ii 

* Loc, diU 


Assuming Tq = 0*635 and rejecting the last point, we 
get 

= 11 X 10® and y = 6*7 X lO’^^ 

Of the two pairs of values the last seem to the author 
to be much more probable. The points are rather 
scattered, and the results are probably less reliable than 
the Montreal ones. 

The New York-Somerton results provide more material 
for the estimation of the equivalent heights, and there 
are enough values to enable the probable errors to be 
worked out. 

The results are recorded in Tables 1 to 3. Assume 
first that Tq = 0*19. 


Table 1. 
T = 0*19. 


n 

h 

Number of readings 

2 

km 

293 ± 15*7 

8 

3 

307 ± 19*7 

13 

4 

330 di 15*1 

9 

5 

338 ± 7*4 

3 


Assuming that Tq = 0*635 millisecond, there is some 
uncertainty in the order of reflection involved, and it is 
possible to work out consistent values, one favouring 
lower values of height and the other higher values. 

Table 2. 


Tq =s 0 • 635 Favouring Low Values. 


n 

h 

Number of readings 

3 

km 

286 ± 11-6 

9 

4 

287 ± 10*8 

12 

5 

296 ±11*4 

9 

6 

303 ± 4-4 

3 


Table 3. 

= 0*635 Favouring High Values. 

n 

h 

Number of readings 

2 

km 

369 ± 5-6 

2 

3 

318 ±20 

13 

4 

323 ±16-2 

11 

5 

320 ± 11- 8 

5 

6 

308 ± 1-6 

2 


Of these three tables 1 and 2 show a systematic in¬ 
crease of h with n, as is expected from general theoreti¬ 
cal considerations. Of the last two, with Tq = 0*635, 
the first seems much more likely, not only from the 
consideration of the systematic ihcrease of A with n. 
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but also from the point of view of the smallness and | 
evenness of the probable errors. In tiiis respect it w 
even better than the table for 0* 19 millisecond, and it is 
probable that, with a wavelength of 22 m, the higher 
value for tq is the true value, except possibly for small- 
order rays in the daytime. 

The other echo times taken during daytime contribute 
towards a determination of the complete diurnal curve 
of N, The values are represented in Fig. 7. The specm- 
cation of the local time to which a given obser^tion 

belongs offers a little difficulty. In east and west tra^- 

mission the maximum density varies along the path. 
Consider, for instance, the case where it is some time 
after sunset at the eastern end (Somerton) but where 
sun has not set at the western end. Although the 
density at New York is great and can reflect high-angle 


observed, for wherever the point of maximuin density 

mav be on the path, there will be other pomts of less 

dei^ity on the path which will deter^ne the 

rav angle North and south transmission in the neigh 

SrSd of the equinoxes would avoid 

In Fig. 7 the points have been corrected for this shht 

°^The curve is very similar to that obtained ^ 
Chapman* for the variation of ionization P^^o^u^by 
the monochromatic radiation from f’f •, 

seen later that his value Oq = inefficient 

curve that fits best) implies a 

close to the value determined here. For compmison the 
part of the diurnal curve obtained for Montreal at night 
fs skSched in. The fuU part is the observed region 
while the dotted part is drawn in theoretically to fit 



Curve A,—New York-Somerton. 
Curve B. —^Montreal-Somerton. 


Fig. 7. . 

.22ad October. 1928:S= -ll-:latitude= 45-r„-317;a=7X 10-uj.„ = 0.495; 

« 21*3 X 10&. j. _ cQ. a@sl0“l0; IT =0*816; 

•nth Mav, 1931? 8 = + 1?! 45'; latitude = 45 , /q - 80, a 


rays, tiiese would escape through the F layer 
regions of less density between, near Somerton. Th 
highest-angle transmitted ray depends on the region 
of maximum density near Somerton. 

In general an observation must be associated witn tn 
local time at tbe region where the density along the pat 
is a minimum. Now during a 24-hour period tye region 
of minimum density shifts from one end of the path to 
the other. Thus in the New York-Somerton trans¬ 
mission, thkt region is at the eastern end after su^et 
and remains there until after sunrise, when tfie western 
end wiU be still in darkness and the region of minmmm 
density wiU shift to -Uie western end. This condition 
remains until weU after midday between the two 
The change-over point is hot sharply defined, but tins 
does not matter greatly because at the change-over 
point the densities axe equal at both ends and me obser¬ 
vations can be attributed to either end with equal 
legitimacy. For this reason, it will be noted, the valu^ 
of the maximum density a little after midday cannot be 


this curve at sunset and is derived by tye metho^ 
explained by S. Chapman in his paper. It hes wholly 
Srthe 22-m curve taken in October. 1928. Mthou|h 
it is taken during May, 1931, when, with a given intensity 
of sun’s radiation, the curve should lie ^ 

This result seems to indicate consid^aMe secuto 

reduction in ionic densities during the penod 1928 1931, 
caused by a reduction in the sun/s ionizing 
ultra-violet light. This is in accordance with many omer 

that a longer wave is necessary, for a given “ght com¬ 
munication in 1931, than that required m 1928. 

SSthAfricanresults, although themostnumerous 

are the least definite and conclusive. The length of the 
route and consequent overlapping of echoes, 
conditions along the route (making high-angle absorption 
probable), and the large amount of extrapolahon 
?o deduce the sunset value of N„ combme to make the 
results very uncertain. 

» Froctedtngs of the Physical Sodely of London, 1981, vol. 43, p. 26. 
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The records also show a large variation of density from layer is a maximum. This is the time at which the 


day to day. There was, however, one night run, 21st- 
22nd May, 1931, which gave a set of six actual echoes 
•spaced over a period of about 4 hours. The wavelength 
being 32 *7 m and the path being over equatorial regions, 
the lowest ray may possibly have been held down by the 
E layer. 

Taking, in consequence, Tq = 0 • 34, the following values 
for Ns and y were determined:— 

= 3*8 X 10® electrons per cm^ 
y = 8/lxl0’”ii 

If, however, we assume Tq = 1 • 14, implying that the 
initial ray penetrates the lower E layer, then the values 
axe;— 

Ng = S-SS X 10® electrons per cm^ 

7 = 4*25x10-11 

The uncertainty is shown up by the divergence of the 
results, and not much reliance should be placed on them. 


sun*s mean angular elevation is a maximum on the 
route. At 1245 G.M.T., about 1 hour 20 min. later, 
the F layer is at a maximum. The lag of 1|- hours or so 
after the sun's maximum elevation is a consequence of 
the slow recombination in the F layer. These measure¬ 
ments give very indefinite estimates of the equivalent 
height of the F layer, owing to the difficulty in 
deciding the order of the reflection involved, and there 
is insufficient evidence to decide between values of 250 
and 350 km. 

The final set of facsimile measurements to be dis¬ 
cussed are those made on 60 and 120 m on the 14th- 
15th February and the 21st-22nd February, 1930, 
between Writtle (near Chelmsford) and Somerton, a 
distance of 227 km. These tests show most conspicuously 
the existence of three or even four definite, regularly- 
spaced echoes, which, on measurement, appear almost 
conclusively to be caused by multiple reflection between 
the earth and a well-defined region of the Kcimelly- 
Heaviside layer at a height of between 180 to 280 km 



Time, GMT. 


Fig. 8.*—Equivalent height of Heaviside layer. 

Curve A.-—60-m test. 

Curve B.—120-ia test (22nd-23rd Feb.). 

Curve C.—60-m test (15th-16th Feb.). 


The long series of records on 16 m (Fig. 5), which have 
already been referred to, showed no individual echoes, 
but by measuring the overall length of the image and 
subtracting the estimated (and measured) length of a 
single pulse, a curve was obtained giving the variation 
of density with G.M.T. over the range 1100 to 1530 
G.M.T., with isolated points at 0915 and 1815 G.M.T. 
The experimental points, about 200 in all, are very 
widely scattered, and in the author's opinion show the 
effect of high-angle attenuation, and therefore give a 
lower limit to the maximum density in the Keimelly- 
Heaviside layer. ^ ^ ^ ■ 


The average curve shows a mean (iV max.) density o 
6*5 x 10®, and the upper limiting curve ABC show 
deities up to 9*3 X 10® (assuming - M4). I 
^ ako shows a very marked dip at 1245 G.M.T. Thii 
dj> IS, without doubt, due to high-angle attenuatioi 
at the times when the deiisity in the F layer is i 
maximum, and is not due to attenuation in the i 
its maximum effect (as showi 
iTim curves) at between 1000 anc 

1100 G.M,T., at which time the density in the lowei 


(lower part of the F layer)—depending on the time of 
the day. On 120 m in the daytime the long delay echoes 
of 2 milliseconds or more were completely absent, and 
although the remaining signal was obviously composite 
and faded, the speed was not sufficient to separate the 
components. The longer echo appeared to start between 
1715 and 1725 G.M.T. (sunset 1726 G.M.T.). It is 
interesting to note that the signal strength increased 
above its mean day value at a period considerably earlier 
(about 1630 G.M.T.) than the time at which the long 
delay echo first started; 

On 60 m during the daytime, echoes of delay greater 
than 2 milliseconds were generally present, except for a 
period about midday on Sunday, 5th February, when 
the echoes were either absent or too weak to record. 

The initial signal was clearer and better defined on 
60 m than on 120 m. The day signal also appeared to 
be stronger on the former, but this may have been an 
effect due to decreased noise-level. There was not much 
change of the average signal strength between day and 
night on 60 m, but there was a large increase on 120 m. 

On 60 m at night there was a very definite ** smudging " 
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of the signals [iUnstrated on Plate 2(5)] which in some 
cases lasted np to 20 milliseconds after the &st sign^. 

The author has little doubt that this effect is u 
" scattering,” which is a very marked ch^acteristic of 
directional measurements made at this dist^ce. 
scattering effect was very much less marked on 120 m 

^^SJ^qte'Sdent heights for the definite multiple echoes 
are shown in Fig. 8. where the heights are plotted as a 
function of the time of the day. 

^ Angles of elevation up to 84“ are observed, showmg 
that the F layer is sufficiently dense to reflect even 
It no^ toddfC. Tie de»«ty m«st theiefote be 

h«8ht (<or 

rays) reaches a minimum at about 1330 ^ ” 

o/about 200 km, and rises fairly rapidly to ne^ly 
280 km at 1900 G.M.T. The drop from 1000 G.MX 
to 1300 G.M.T. is less steep. The points marked with 
a cross are taken from Kenrick and Jen’s paper, and 
represent the measured effective height of the F layer 
about the same time (February, 1929) the year before. 
The agreement is very close. .41^^ 

The reflection of the lower-angle rays (second refla¬ 
tion) is at a lower equivalent height than that of to 
higher-angle rays, indicating a fairly shaUow gradient 
for these densities, i.e. about 3 X 10 . 

A remarkable feature is the apparent absence of 
single-reflection rays. These would have 
0-6 to 0-7millisecond delay, and to speed of the dru 
is insufficient to separate them very clearly from th 

*^^^ere^^evidence, however, of rays 
this amount in the early evening at 1830 ^.^T. on t 
14th February. In these pictures a senes of bars “• 
wide were transmitted. These axe reproduced a ^ 
of bars with a longish echo (probably thr^ reflection 
but rather too irregular to measure). The bam are cut 
up by interference signals, some of wMch start alm^t 
simultaneously with to first signal, and some of wtech 
start about 0 • 688 sec. later (corresponding to a reflection 

equivalent height of 216 km for single reflation). 

In the daytime there is no certain evidence of this 
single reflection. 

The angle of elevation for such rays would be approxi- 
mately 60“. Now to lOO-km E layer is kno^ to 
have a maximum density of about from 1 to 2 X 10 , 
for which to critical angle is 36“ to 60° (nearly.) _ 
After night-fad, when the density in to E layer is 
reduced (as well as to attenuation), such first-order 

rays may appear as in the eicample cited. 

-EcATTEEING.:; 

Scatt^g is shown in many of the idustrations, ^d 
is particularly intense on 60 m after sunset. The fact 
that in certain cases to scattered signal lasts for 20 

milliseconds after to origirM signal has arrived, implies 

an increase of path of to scattered signal of 6 000 km 

in extreme cases. The avarage scatter is of the order 

of 10 to 12 milliseconds, representing a scattenng source 
from 1 600 to 1800 km distance. This agrees approm- 
mately with to distance obtained by triangnlating to 

* Proce^ir^ ^ of 1920, xol. It, P» te34. 


scatter source of the beams, the average distance bemg 
1 930 km for a shorter average wavelength.* If bars 
are transmitted, the scattering is exhibited on the 
received reproduction as somewhat ragged tails lastmg 
up to 10-20 midiseconds. By tracing these smudges 
back to where they interfere with the direct imrim 
signal it appears that the start of the scatter signal is 
from b to 0-7 millisecond later than the direct signal. 
The recorder velocity was not great enough to determine 
the lower limit accurately. It wo^d therefore appear 
probable that the scattering originates in to region 
between the E and F layers. It is unlikely to occur 
lower than the E layer, for when to regions above 
this are shielded by the attenuation in this layer tore 
is little or no appreciable scattering. The iwegular 
of the scatter signal, to variations between 
day and night, to reduction of scattering wito wave¬ 
length, and the presence of scattering from regions ovm 
the sea, where, as mathematical analysis shows, it is 
only in exceptionady rough conditions that any appreci¬ 
able surface scattering can occur, seem to mate it ye^ 
probable that the scattering occurs m to Heaviside 
layer and not, in to main, from irregular objects on 

the earth’s surface. , r 

The pictures show that to general level of to scatter 
intensity is usually less than that of the main or echo 

signals, and it is rather irregular in incidence. 

The phase of to scattered signal relative to to direct 
signal appears to remain constant over permds of to 
order of 0-06 second, as shown by the dumtion of to 
interference between direct and scattered signal, so that 
a snapshot determination of direction, if it could be 
made in such a short interval, would give a momentarily 
definite direction of energy-travel. 


120-w Tests. 

The results of these tests axe simflax in most respects 
to to 60-m results, except that in this case ^bere is 
practicady no measurable echo in the daytime, and very 

little sign of scattering. x. j 

Day rignals on Saturday, the 22nd, and Sunday, the 
23rd February, are certainly multiple, smce toy fade, 
but to echo was too close to the main signal to measure 

^^Sd^be observed that to second- 
echoes on 120 m give equivalent heights (^tween WOO 
and 1930 G.M.T.) very close to to 
on 60 m. Thus to measured equivalent heighte on 
60 m and 120 m appear to differ very httte, and the 
results therefore suggest at first sight a rather sharp y 
layer at this height. It must be remembere^ 
however, that to longer wavelength (120 m) is much 
more delayed in the regions of to tower layer A:re 
ton’s E layer—than is to 60-m wave, so that part of 

to observed equivalent height on ’'wheEtover 
due to to slow passage of this wave through to E lay^ 
and it is impossible to infer from the results bow sb^ 
is to gradient at to F layer. The del^ on to 
120-m ray in passing through to E layer ma.y be mf erred 
from our knowledge of to density of ttos layer. In 
fact it is rather surprising that it penetrat^ it at 
for tMs would be impossible if we were to take the 
I • Journal J.E.E., 1929, vd. 67, p. 997. 
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usually accepted figure of 10® for the maximum density 
in the layer. 

Such a layer would be over-dense, and would allow 
no penetration at all on this wavelength. We must 
suppose that at such times as the longer echoes were 
observed (early morning and evening), the E layer has 
not reached its normal value of 10^ and must be less 
than 0*705 x 10^. The delay suffered by this 120-m 
ray in the lower layer will depend on the closeness of N 
to this critical value. 

R&fiections fyofn JE JLuyey, 

While the evidence as regards the F layer is very 
clear and definite, that with respect to the E layer is 
very confused. One fact, however, is quite definite: 
in the da 3 rtime the lower layer is so attenuating 
(and possibly so dense) that no 120-m ray survives the 
passage through it to the upper layer and down again. | 
There is evidence, however, that some energy is reflected 
fr(m the E layer and produces fading and interference. 

The delay which a ray reflected at the equivalent 
height of 100 km would suffer is 0-25 millisecond. This 
M rather too short an interval to be clearly shown on 
^e records with a scanning speed of 30 in. per sec. 
(usM m all the experiments), but although there was a 
smes of echoes from 0-6 to 0-8 delay at most times in 
the evenmgs on the 120-m test and also (observed as 
™ t®st, there are none of 0-26 

mi^econd delay, as far as could be observed. The 
0-5-0- 8 miUisecond delay signal might be produced bv 
rays l^nt at the E layer. The equivalent height would 
then ^ very large compared with the actual height 

(i.e. about 100 km). ncignr 

Such a state of affairs occurs when the appropriate 
ray nearly penetrates the E layer, for in such cLditions 

"P steeply, traverses nearly 
horizontally m the layer, and comes down steeply again 
It IS clear from the geometry that in such a case the 

compared with the actual 
height. Highw scanning speeds would be necessary to 
obtain dear evidence on this point. ^ 

Constitution and Behaviour of F Layer. 

results have a very significant bearing 
constitution of the F layer. Thif 
^ discussed very fuUy recentiy by S. ' 
Bakerian Lecture before the Royal 
“ interesting to see how far the resufrs ’ 
3^ee With his conclusions 

^ ^J^at can be deduced. 

Th. jjonsider the run of the night densities 

our measurements, fall off in a i 

On the assumption r 

If tw ’ ^ sunset, should be a linear one 


y We can also infer that after sunset the density behaves 

I as if the ionizing agent were removed, and that the 
layer settles down towards equilibrium by recombination. 
If there is a residual ionizing agent during the night, it 
appears to be small at these and lower latitudes and in 
normal conditions. 

The determinations of the recombination coefficient 
give fairly widely differing values, i.e. 9-3 X 10 
9*5 X 10-11, 6-7 X lO-n, 5*1 X 10-11, and 4*25 
X 10 , of which the first two have by far the greatest 

weight and the last two very little weight, so that for 
a weighted mean we can take the value of 9 x IQ-n. 

From the diurnal N curve (obtained in 1928 on 22-m 
facsimile) it appears that the ionizing agency starts 
about sunrise and ceases about sunset. This would be 
naturally accounted for if we assume that the ionizing 
agent is the sun's ultra-violet radiation, or at least some 
agency which is propagated from the sun in straight 
lines. There is strong theoretical reason for believing 
th^ the sun, which to all intents and purposes acts as 
a black-body radiator, would actually emit enough 
ultra-violet radiation to ionize the upper atmosphere 
in suitable conditions.* 

On this assumption, measurements of the effective 
eight of the F layer allow us to make some further 
deductions. 

effective height as measured must exceed 
he height of the apex of the limiting ray, where N has 
Its maximum value. It is also almost certainly above 
the apex of the equivalent ray for 60 m in daytime, 
hus we may consider the density in the F layer to be 
I maximum between 200 km and 300 km. 

Now in the simplified theory discussed by S. Chapman, 
at which N is a maximum has a definite 
ysical significance, and is determined by the absorp- 

the quantity 

. Sht of the homogeneous atmosphere of the 
.^orbmg atoi^ or molecules), and the molecular den- 

time when the density 

^ approximately steady 
Ute, the recombination equation gives ^ 

dJSr 

.(24) 

where I is the rate of production of ions. 
aaioZS •« a» mUday 

mum ^utTeinT “ "®Sion as I is a maxi- 

urn. But I can be expressed in the form 

, . (26) 

is assumed that at a height 2 the molecular 

.... _ (26) 

^ is the absorption coefficient for the radiation of 




Mimorials 





To face page 420. 




(2) Montreal (32 m). 2210 G M.T., 10 th May, 1931. 

Scanning speed 67*6 in. per sec. 


(5) Montreal (32 m). 0315 G.M.T., 

^ ^ Scanning speed o7 • 6 in. per sec. 



(Z) Montreal (32 m). 2355 G.M.T., 10 th May, 1931 

^ ' Scanning speed 57 • 6 in. per sec. 


(6) Montreal (32 m). 0405 G.M.T., 11th May, 1931. 
^ ' Scai^g speed 57 • 6 m. per sec. 
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intensity S, and 6 is the.zenith distance of the,sun at 
this time.. 

J, and therefore N, are a maximum at a height given 
by dl/dZ = 0. This gives 


bine only with one another, Milne’s theory gives for the 
recombination coefficient y a formula which, omitting 
certain factors of the order unity, is 


Z= - Hlog - H log sec 9 
^P(P 


(27) 


327T/ 27rme \^/^ 


: (28) 


so that the absorption coefficient j8 can be determined 
when H and pQ are known. * 

Unfortunately we cannot proceed deductively on these 
lines any further, for there is no direct evidence of the 
nature of the absorbing atom or molecule, and even if 
there were we cannot definitely specify either H orpQ, 
which depend on some initial assumption. 

S. Chapman has, however, developed a possible theory 
of the F layer in which its main features can be repro¬ 
duced without the use of any disposable constant. It 
is important, therefore, to' see whether our further 
information confirms his theory or not. 

In his theory the ionizing agent for the F layer is 
considered to be the sun’s ultra-violet radiation. The 
conclusion derived from our diurnal N curve, whj.ch 
indicates the presence of an ionizing agent only during 
the day period, is in full accord with this assumption. 

By consideration of the dissociation of molecular 
oxygen and ozone in the layer at a height of 50 km, by 
different bands of the sun’s radiation he shows that the 
ratio of atomic oxygen to molecular oxygen increases 
upwards without limit (above the ozone layer height). 
For this reason atomic oxygen will be one of the 
main constituents of the earth’s atmosphere at great 

heights. . .. . X- 

Consider now the ionization. Apart from dissociation, 
the energy needed to ionize one of the species of atom 
or molecule, measured in volts, is shown in Table 4 
(given by S. Chapman). 

Table 4. 


Molecule or atom 

Volts 

Ionization 

wavelength 

Number of 
quanta 

0 

13*6 

910 

7 X 108 


16*1 

770 

\ 8 X 10® 

KL 

16*1 

770 

J 

z 

Ncs 

16*9 

730 

« 2 X 10® 

z 

He 

23*5 

490 

0*3 


The last column gives the number of quanta of the 
required (or greater) energy available per cm^ in the 
sun’s radiation, when the sun is in the zenith at the 
place considered. 

Atomic oxygen is the most easily ionized, and the 
available energy for this process is the greatest. 

In view of these data, it is considered that the main 
contributor to the ionization is atomic oxygen. If this 
is the case, the recombination coefficient should be 
appropriate to the recombination of electrons and atomic 
oxygen. In this connection we may again quote S. 
Chapman. “ Asssuming that ions and electrons com- 

VOL. 71 . 


where m denotes the electronic mass, K = T • 37 X, 10 , 

h is Planck’s constant = 6 • 55 X 10^^*^ C.G.S: units, 
and T denotes the temperature of the gas. For atomic 
oxygen, taking the atomic number^i^ = 8, = 300° or 

T = 400°, we find that y is 3-7 X 10*“!® or 3*2 X iO 
the dependence on T not being veiy important. The 
uncertainty as to the factor affects y and p equally 
(B being the absorption coefficient); if Z^ = 25 jas 
possible) instead of 64, y must be reduced to 1 • 5 X 10 

or 1*3x10-10- . 

The actual value of y found in our experiments, 
i.e. 0*9 X 10-10^ is in good accord, considering the 
various uncertainties with the theoretical and observed 
results, and may be considered to provide strong con¬ 
firmation. 

On making a reasonable assumption as regards the 
atomic oxygen concentration and its distribution accord¬ 
ing to Dalton’s law, Chapman finally arrives at the con¬ 
clusion that the electronic density N has its maximum 
value of 4 to 6 X 10® at a height a little over 200 km. 
The values of N^ax rather high compared with our 
measured values, and the height possibly a little low, 
but the uncertainty of the data does not allow of a 
more precise determination of these factors, and there 
is no evidence that can be considered inconsistent with 
the theory. Although other possibilities are not definitely 
ruled out, there is a very strong presumption in favour 

of this theory. . . 

The facsimile experiments give very little informa¬ 
tion in regard to the E layer. The frequencies dealt 
with are so high that the relatively small electronic 
densities in this layer have but little e:ffect on their 
transmission. Prof. Appleton has made a very com¬ 
plete investigation of this layer, and the theoretical 
aspect of his results has been discussed by S. Chapman. 

With regard to the ionizing agent. Chapman favours 
the hypothesis that it consists of ionized or neutral 
atoms which ionize the upper atmosphere by impact. 
A more or less neutral stream must be supposed, since 
the ionization is confined to the daytime, and the 
radiation or stream of atoms must proceed in straight 
lines from the sun. If this stream were not neutral it 
would be bent into the night regions by the earths 
magnetic field. Milne’s theory of the corpusc^ar 
emission from the sun fits this hypothesis well. The 
atoms likely to be emitted from the sun are those which 
have strong absorption bands in the solar spectrum. 
Some of these are ionized and some neutral. Milne has 
shown that both types acquire speeds of the same order 
of magnitude under the accelerating infiuence of the 
sun’s radiation pressure—speeds which are sufficient to 
ionize the molecules and atoms in the E layer. The 
alternative hypothesis, that the ionizing agent is electro¬ 
magnetic radiation from the sun, requires a very pene¬ 
trating radiation of the X-ray type. ^ 

Using the same argument as before, in which the 

28 
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mass absorption coefficient of the ionizing radiation is 
related to the region of maximum ionization, i.e. 

W. = .... (29) 

H and are fairly well determined, so that j8, the mass 
absorption coefficient, can be found. It is 1‘37 x 10^ 
and corresponds to the absorption coefficient of X-rays 
of 3*7 A.U. in air. Such a radiation from the sun of 
sufficient quantity, though not inconceivable, is at least 
very improbable, and this alternative is very unlikely. 
The constants of the E layer which most affect radio 
transmission are (1) the maximum density in the 
layer, (2) the gradient of density (on the lower side), 
and (3) the collision frequency at various points in 
the layer. 

With regard to (1), Appleton has recently published 
results* giving determinations of this quantity. The 
method used is similar to the facsimile method, but he 
uses nearly vertical rays and determines the critical 
frequency at which the rays penetrate the lower layer. 
Using a relation similar to equation (3) the value of 
can be found. 

Appleton's results may be quoted to the effect that 
for daytime in midwinter over southern England the 


very nearly linear increase of effective height with fre¬ 
quency, implying a nearly square-law increase in density 
(except, of course, in regions where is a maximum). 
Although, of course, distribution may vary from time 
to time, the results provide a good working model. 

Finally, let us consider the collision frequency. 
Table 5 is given by S. Chapman, and is based on the 
most recent determination of the temperature and density 
in the regions of the E layer. 

These results should be sufficient to determine the 
approximate behaviour of short waves penetrating the 
E layer, and longer waves reflected or refracted 
by it. 

Returning to the F layer again, it will be observed 
that we have attempted no determination of the layer 
gradients or distribution of N in the layer. The measured 
values of effective height are not sufficiently accurate 
for this purpose. It is perhaps rather remarkable that 
with the waves in the range between, say, 45 and 100 m, 
we obtain effective heights clustering round the value 
of about 210 to 220 km, while with shorter waves, 
22-30 m, the effective-height measurements cluster round 
the value 300 to 340 km. 

It is, of course, natural that the effective height should 
increase with increasing frequency, but the change 
between 46 m and 30 m seems rather abrupt, whereas 


Table 5. 


Height (km) 

70 

80 

90 

100 

110 

120 

130 

140 

150 

Collision frequency 

107 

3-3x108 

1 - 1 x 108 

3-6x105 

1-2x105 

3-8x108 

1-3x108 

4-4x10* 

1-5x10* 


value of ^ reaches 2 x 10^ electrons per cm® at noon, 
after which the value falls steadily and remains at the 
low value of 3 X 10* during the greater part of the 
night. About half an hour before sunrise a very sharp 
increase is noted, after which the ionization increases 
more gradually until the maximum midday value is 
ag:ain reached. The diurnal variation curves bear a 
pronounced resemblance to the theoretical curves deduced 
by Prof. S. Chapman.t 

With this value for E layer during the 

night-nins it is probable that the 32-m or 33*7-m 
glancing rays will penetrate this layer, and that the 
larger value of Tq is appropriate for the night-runs on 
Montreal and South Africa. 

The gradient of density in this layer no doubt alters 
from time to time. A series of measurements made by 
Appleton have given a representative value which the 
present author has found most useful in theoretical 
application. This is published in the Proceedings of the 
Physical Society of London (1930, vol. 42), in which 
in Fig. 6, page 336, he gives the variation of equivalent 
height with frequency. 

The results were taken during a period of 2 hours 
after ground sunrise, when the layer-level is most 
constant. 

. The results show, in the present author’s opinion, a 

* Nature. vol. 127, p. 197. 

t Proceedings of iJie Physical Society of London^ 1931, vol, 43, p. 26. 


the changes within the two separate bands 45-100 m 
and 20-30 m seem small. This is rather akin to the 
abrupt change at 100 m or so from the lower E layer to 
the F layer, and suggests the possibility of three layers. 
Without being too definite, we might possibly make the 
following suggestion:—^The F layer appears in the main 
to be produced by the ionization of atomic oxygen by 
the ultra-violet band between 910 and 770 A.U. 

It is not entirely inconsistent with both the evidence 
cited above and the theory, that a secondary ionized 
layer with a maximum density of approximately one- 
third that in the F layer is produced at a lower level by 
the more penetrating radiation of about 770 A.U. which 
ionizes molecular oxygen O 2 , or 730 A.U. which ionizes 
molecular nitrogen Ng- two layers, as illustrated 
in Fig. 9, will overlap, producing a composite layer with 
a sort of shelf at C. 

The lower-frequency radio waves would then be 
refracted at the rather sharply defined regions A, and 
the higher-frequency waves at B. This conclusion, 
though speculative, is not entirely unreasonable. 

In accounting for the distribution of N into two layers 
we are burdened with the necessity of accounting for 
the absence of intermediate layers. This may be attri¬ 
buted to the lack of sufiiciently intense radiation of 
requisite frequency. The amount available is shown in 
the last column of S. Chapman’s table, and decreases 
rapidly with increasing frequency, but is not inconsistent 
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with a small secondary layer of ionized molecular oxygen 
or nitrogen. 

Before leaving the discussion of the F-layer gradient, 
we may point out what may at first sight appear to be 
a serious omission in our simplified picture of the ray 
geometry. We have assumed, in effect, that there is 
only one ray of a given order which joins transmitter 

and receiver. ^ 

The author thinks that it was first pointed out by 
Baker and Rice that in general where wavelengths are 
used which can penetrate the upper layer, and where 


for some angle dy As the angle of elevataon is s^ 
further increased from to 6^, the critical angte, the 
target position passes outward again until at Wq the ray 
escapes and finds no target on the earth. 

In general, therefore, for any fixed distance R, ihere 
is one ray of angle of elevation between O and 0^, wtach 
finds its target at R^, and another between and t/o 
which also finds a target at the same pomt. 

In general there are two first-order rays which reaoh R. 
i In order to get more precise information as to toe 
behaviour of the two rays, the author has used the 



Fig. 9.—^Possible iomzation of F layer. 


Critical ray 



Fig. 10. 


in consequence definite electron limitation skip-distances 
exist, two rays of a definite order exist, i-e- two rays 
of essentially different paths reach a given pom on 
the earth's surface after one refection from the Kennelly- 
Heaviside layer. The general reasoning on which these 
results axe based is not difficult to grasp, and Baker and 
Rice's mathematical analysis'of a particular model gives 
precision to these ideas. , j i 

Thus, consider a transmitter at T and a ^aded 
(Fig. 10) represented by the shaded portion, and let 
us follow the trajectories of the rays as the angle of 
elevation is increased from zero to the critical angle. 

With a small angle the target Of the ray is at R, sa;^ 
As we increase the angle the target closes in towards T 
and comes to a minimum, the skip distance, at Rq, say. 


model suggested and investigated by Baker and Rice, 
in which the refractive index is given by 



or, what is equivalent, a density distribution 


Ttm . 0-1 


■ ( 31 ) 


toe region between.Z = Zq and Z — -^o "h ■^o)* 

i zero elsewhere. , 

N rises to a maximum atZ^Z^ and the thickn^s 

5 layer is 2 (^ 1 -^o)- -^o is 
ttsity begins to be appreciable. 
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In view of our measurements we have taken = 300 
and Zq = 200 km. 

Then the range as a function of d, the angle of eleva¬ 
tion, can be written down in the form given by Baker 
and Rice:— 

where ^ (an auxiliary angle) and 9 are in degrees, and 
A is the wavelength transmitted. 


\ I 
^ -0-3 

Ao I 


A-0-32 


Our definition of sin a differs from that of Baker 
and Rice by the inclusion of the constant C, nearly 
unity, introduced to make the definition of the inininium 
wavelength agree with the correct value in the spherical 
case. 


(Z,-Z„)(2B„+Z^ + Z^ ) 

(i?o+V 


-^-0-35 

A.0 1 




Ix-O-® 


20^^ 40'S 

Values of 0 
Fig. 11.—Range (B, e) 

curves. 

= 300 

Zq 5= 200 km. 





t 












. -T =0-95. 


Arp 






is the critical wavelength corresponding' to the 
majdmum density in the'F layer. is the radius of 

tte earth, and^ is connected with the angle of elevation 
by the relation 

(•Bq + ^o) cos ^ = Rj cos 0 . . . (33) 

^ (sin a) is the complete elliptic function of the first 

t^e of the argument sin a, where 

sind = 0^sin^ .... (34) 


From thK rektion curves connecting the range B and 

Lw Tfli computed for given 

values of A/Aq. They are shown in Fig 11 

Tahe, for instance, the one for A/A^ = 0-66. It corre- 

If^ transmission on a 

20 -m wavelength for midday. 

decreases to a minimum 
(he skip ^stance), and then increases very rapidly 

say 1200 km, there are two values of 6 which are appro- 
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priate to rays wMch both arrive at R. These angles 
are 22° and 37 • 3°. A little consideration of these curves 
shows that unless the actual distance of transmission is 
practically an exact multiple of the skip distance, the 
higher-angle ray of the two is projected at an angle 
practically equal to the critical angle. On. the records, 
then, the second ray should show itself as another echo 
at a delay time corresponding to the critical angle, and 
should not appreciably alter the echo spacings, except 
when, as indicated above, the distance is a nearly exact 
multiple of the dkip distance. In such cases each echo 
is likely to be split. Some of the more compUcated 
echo patterns may possibly be due to this cause. On 
examining the records for the effect no certain evidence 
of it was obtained. A point to be noted is that the 
higher-angle echo is likely to be very weak, for the 
following reason., A measure of the energy density in 
a given ray is, as explained by Baker and Rice, pr<> 
portional to ddldB, Thus the energy emitted through 
an angular cone lying between 0 and ^ + 86 (see Fig. 13) 
is spread over an annular ring on the earth’s surface of 
radii R and R + idBlde)dd. The area of the ring is 
% 7 TR{dRld 9 )dd, so that if 1 is the intensity radiated 
through the annular cone at the transmitter 


dR 

I cos ddd = r^irR^-^dB 


and 


I'oc 


1 cos 6 


R^dR/dd 

The energy density of the ray is proportional to 


(37) 




-dR\ 


A glance at the curves in Fig. 11 shows that iii general, 
where 6 is close to the critical angle, as it ^ 
secondary ray in all but exceptional ‘cases, dRjd^ is 
very large and the energy density in the ray (apart from 
attenuation) approaches zero. The physical meaning 
of this is obvious. All the energy radiated in a small 
angular cone near the critical angle is spread more or 
less uniformly over the earth in regions beyond ana 
so the corresponding energy is spread very thinly and 
the intensity is very small. 

The geometrical ray picture ought to be amended 
by the inclusion of the secondary high-angle rays, as 
shown in Fig. 10, but these are so weak, in aU but 
exceptional cases, that analysis of the facsimile records 
is not materially altered, 

A number of records taken on Dorchester (37 m, 
within the skip distance) to show the effect of scattermg 
will be discussed separately, as well as the scattering 
records on the 60 -m\Writtle—Somerton records. 

PART (2). SIGNAD MEASUREMENT. 

Perhaps the main branch of wireless research is signal 
measurement and the interpretation of the results 
obtained. After all, the radio engineer is chiefly con¬ 
cerned with producing an adequate signal energy at Ms 
receiver. The signal must be npt only adequate in 
intensity but also of correct formation. The radio 


engineer is not primarily concerned with what happens 
route, but he finds Mmself forced to consider the 
processes of transmission, if only to provide a suitable 
means of correlating and interpreting the mass of 
undigested observations accumulated in the last few 
years of trafac-handling on various beam routes, in 
research laboratories, etc. It cannot be too strong y 
urged that the only satisfactory way of doing this is to 
study the phenomena of radio transmission from a purely 
scientific point of view. It is only by tMs means that a 
reasonable working hypothesis can be obtained by means 
of wMch the mass of results can be put in a usable form. 

The author speaks for Mmself when he says that the lack 
of a proper theory often leads one to fail even to observe 
significant facts. It is very often only when, so to speak, 
the mental eye is opened by theoretical expectation that 
such facts axe even mentally recorded as significant. 

The author has noticed cases where no real use of a 
large mass of observations of this sort has been made, 
owing to a lack of proper scientific analysis dependent, 
as it should be, on suitable scientific hypothesis Wire¬ 
less owes its origin to the pure theorizing of Maxwell 
even though its development was carried out by practical 

engineers. , , i 

The subject of signal measurement has been relegated 
to the second place in this paper chiefly because a 
knowledge of the pulse experiments of Breit and Tuve, 
interference experiments of Appleton, and facsimile 
results, are absolutely essential for a proper under¬ 
standing of signal-intensity measurements. 

Here again we have a case in which experiments, 
carried out chiefly with the aim of discovering sometog 
about the physics of the upper atmosphere and without 
any immediate practical application, have yielded results 
of the utmost significance in the practical branch of 
munication known as “ facsimile transmission, ” ^weU as 
in ordinary telegraphic and telephonic communication. 

The material to be discussed consists of a contmuous 
series of measurements made during the year October 
1930 to October 1931 on a number of short-wave com¬ 
mercial stations. The measurements were made at Broom¬ 
field, near Chelmsford, with a signal-measuring set already 
described in the Marconi Review (No. 30, May and June, 
1931). The first three months' results have already l^n 
discussed in another issue of the same Review. The 
whole of fhe material will be considered here and a 
comprehensive study of the conditions will be possible. 

No very great accuracy is claimed for the measure¬ 
ments. In the first place the signal intensity may v^ 
over a range of 10 to 1 or more during the few minutes 
required for measurement, and the choice of a represen¬ 
tative figure for the field intensity is to a certam extent 
arbitrary. We find that in general during a short period 
of 2 or 3 minutes the signal intensity rises to a number 
of well-defined peaks, of more or less the same intensity, 
and this peak intensity is taken a$ the representative 

figure for the period. . . 

The accuracy in determining a representative value in 
this manner can be settled by taking the results of two 
observers measuring, simultaneously with similar sets, 
a given distant station. A typical example of such a 
test is shown in Fig. 12. These observations were taken 
on two different sets in the same building (care being 
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taken to ensure that there was no interaction). The 
observations were not taken quite simultaneously, but in 
all cases except in the period 1700 to 1820 G.M.T., when 
the signals were very variable, the difference between the 
two measurements was less than 2 decibels, and the 
probable error of one with respect to the other as a 


Such stations are more easily measured with the author's 
apparatus, in which the heterodyne note of the signal 
has to be matched by the heterodyne note of the auxiliary 
signal generator. With modulated transmissions the 
heterodyne note of the signal is complex and more 
difficult to match. 



standard was less than 1 decibel. This is more remark¬ 
able for the fact the two sets used different t 3 ^es of 
attenuators. The question of the absolute accuracy is 
more difdcult to settle. A recent comparison with a 
Post Office measurement set built on the same lines as 
that described by Friis,* and using an entirely different 
method, and a vertical aerial instead of a frame, shows 
good agreement at 21 m, a difference of about 7 decibels 
at 16 m, and a difference of — 5 decibels at 34 • 5 m. The 
difference appears to decrease to a small value as the 
wavelength is increased. 

The cause of these differences has not yet been dis- 


B' 



Fig. 13.—Focusing factor. 


covered, but they may possibly be due to the fact that 
the two instruments are not measuring the same quantity. 
That employed by the author measures the magnetic 
field at about 1*5 m above the earth's surface, while the 
Post Office instrument with a vertical aerial measures 
the electric field at a mean height of about 4 to 5 m above 
the earth's surface. These two quantities are not neces¬ 
sarily the same. The results therefore suffer from some 
uncertainty in absolute value, but not enough to affect 
the main conclusions. 

The stations measured were as far as possible those 
with well-defined continuous-wave carriers, i.e, regularly 
working telephone stations and multiplex beam stations. 

I926f*vS, ‘ Proceedings of the Institute of Radio Engineers, 


For completeness, however, the Marconi beam stations 
in India and Australia were included, although they 
transmit modulated continuous waves. 

A list of the stations observed is given in Table 6. 


Table 6. 


Station 

Approxi¬ 

mate 

wave¬ 

length 

Nature of transmission 

Java (Bandoeng) 

m 

14*5 

Telephone 

Buenos Ayres .. 

15*2 

Telephone 

Java (Bandoeng) 

16 

Telephone 

Cape Town 

16-08 

Multiplex telegraph 

Poona .. 

16-85 

Modulated continuous wave 

New York | 

le-Al 

20-7J 

Telephone 

Melbourne 

25-7 

Modulated continuous wave 

Rugby 

27-8 

Telephone 

Sydney 

28-6 

Telephone 

Montreal 

321 

Multiplex telegraph 

Bodmin (GBK) 

32-3 

Multiplex telegraph 

New York 

32-6 

Telephone 

Cape Town 

33-7 

Multiplex telegraph (changed 

Bodmin (GBJ).. 

34 

to modulated continuous 
wave) 

Multiplex telegraph (changed 

Grimsby 

34-2 

to modulated continuous 
wave) 

Modulated continuous wave 

Poona 

34-5 

Modulated continuous wave 

New York * 

44-41 

Telephone 

Rugby* .. 

43-46 

Telephone 

Cairo f .. 

21-7 

Modulated continuous wave 


* Added ia November. t Added ia February. 
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There were only two operators, so that it was not 
possible to keep a 24-hour watch. 

In general two 8-hour watches were kept from 0800 
to 2400 G.M.T. for the first three weeks in the month, 
and a night watch for the remaining week. This was 


Time.GMX 


Timie;, G.M.T. 


the working of the station, but in most cases it was of 
the order of 100 to 200, quite sufficient to show a weU- 
defined diurnal curve (during the hours at which the 

station worked). „ 

In general, monthly means were taken for 2-hourly 





Fig. 14.-— Montreal, 32 1X1,1930-31. 

appropriate to winter conditions when all but the longest 
ws^es disappeared at night. Later (about February) 
alternate weeks were devoted to day and night watches. 
In this manner representative monthly values for aU 
hours of the day and night could be obtained. The 
number of readings obtained per month on a given 
station depended to a certain amount on the nature of 


'nme.G.M.T. Time.G.M.T. 

Fig. 15.—S 5 ''dney, 28*6 m, 1930—31. 

periods, except where the variation was too rapid. T^s 
may be of questionable value in some cases where tbe 
scatter of the points is very large, as in the example 
shown in Fig. 16b, which gives the measured values of 
Montreal (32 m) during August. 

The extreme values at a given time may vary from 
fractions of a microvolt to 80 or 100 /xV. For the pur- 
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poses of analysis, however, some definite figure must the normal transmission characteristic. In any future 
be given, and the average, being the simplest represen- statistical investigation in which the efiects of inagnetic 
tative figure, was taken. In many cases it was possible disturbance or other cosmic conditions is sought, it %vi]l 



Time, G.M.T. 

Fig. 16a.— Montreal, 32 m, August 1931, normal days. 



j H 4 f 00 

Montreal, 32 m, August 1931, abnomal days 
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is unreasonable to encumber a general paper of this 
kind with a large mass of results, so that it would appear 
best to publish the whole material separately and limit 
ourselves to a general discussion and analysis of the 
results here. 

Some examples of the seasonal changes in the monthly 
mean diurnal curves are illustrated in Figs. 14 and 15. 
The curves illustrate the results obtained on Montreal 
(:i2 m) and on Sydney (28 • 6 m). 

-, From these examples it will be realized how difficult 
it is to obtain definite average values for monthly means, 
etc., free from any arbitrary element. Nevertheless, in 
any comparison with theory we have to give a definite 
field strength for any particular time of the day and 
route; for the theory, at least at present, cannot take 
account of the accidental and incalculable variations in 
the state of the Heaviside layer which produce such a 
profound effect in transmission. 

In any attempt at explanation we are forced, how¬ 
ever, to consider the possible mechanism by which these 
effects are caused, in order to define a “ normal'' obser¬ 
vation and reject abnormal ones. One method is to 
take the mean of all observations, reject all that diverge 
more than a certain percentage from the mean, and 
proceed to another mean; but this method is very 
arbitrary. A hint as to the cause of this variability is 
contained in the fact that a cursory examination of the 
material shows that the routes which pass closer to the 
magnetic poles are most subject to variation. 

We have the suggestion, therefore, that in the main 
the excessive variability is caused by magnetic distur¬ 
bances. A day-to-day variability in the E-layer density 
is known to occur, and the established correlation 
between short-wave radio and magnetic conditions (on 
a large scale) suggests that the correct procedure is to 
eliminate those observations taken on days which are 
disturbed magnetically. Normal days will then be 
magnetically quiet ones. The soundness of this pro 
cedure will be confirmed if the resultant normal 
values are considerably less variable than the whole 

material. j i e x 

The examples shown in Figs. 16 a and Idb lor 
normal and abnormal days seem to the author to 
be fairly convincing, and we can conclude that a large 
part of the variability is due to magnetic disturbance. 
In the analysis, only normal days, as fax as is possible, 
will be considered. We have, then, a year’s series nf 
observations which can be used to test any reasonable 
hypothesis as to the mode of transmission of short wire¬ 
less waves, , _ , , 

In formulating a theory we are guided ^most whoUy 
by the information afforded by the facsimile records and 

allied results, which have given us, as we have seen, a 
clear idea of the normal mode of propagation and a 

representative model of the Heaviside „ , 

This mode of transmission is a zigzag reflection qt 

the rays between the and the Heawide 

In the case of the shorter waves, with which we are 

dealing here, the ray has to pass through the E layer 

-f-wice in go in ff UP to the F layer and back. 

From our knowledge of the density of tte Elayer we 
know that the ray is not appreciably deflected (except 
for longer waves at glancing incidences). 


The collision frequency of electrons and molecules in 
the lower-lying layer between 5 X 10^ and, say, 10*^ is 
relatively appreciable (compared with the frequency of 
the waves, lO"^) and a [= VcK'ttv)], though small, is 
appreciable, and attenuation ensues. A representative 
distribution of in the E layer being known, as well as 
the ray path, it should be possible to calculate the 
attenuation of each ray. 

In estimating the intensity, E, produced by any ray, 
there are two effects to be taken account of. One is 
the attenuation—already discussed—and the second is 
what, for want of a better word, the author calls the 
‘‘focusing” effect. This can best be explained by 
reference to Fig. 13. 

Thus let ABC and AB'C' be any two adjacent rays. 
The energy sent out in the cone between AB and AB' 
is distributed on the earth in the annular ring enclosed 
by two circles of radii AC and AC^ respectively. It is 
clear that the smaller the annular ring the greater the 
energy density and hence the field intensity. 

In the case where the rays are focused at C the energy 
density is infinite. In other cases it may be very small, 
e.g. the case discussed on page 425. 

By equating the energy transmitted through the cone 
to that through the annular ring we arrive at the 
expression 

.( 38 ) 


‘ B . dR/dd • ’ ‘ • 

This expression for jB, the range as a function of 6, 
can be obtained if the distribution of N in the upper 

layer is known. , , , 

Baker and Rice and H. Lassen have made calculations 
on various reasonable assumptions as regards the dis¬ 
tribution of N. These give rise to two values, one for 
the short-range rays and the other for the long-range 
rays. For the former the calculated values do not ameT 
appreciably from the inverse-distance law (except possibly 
in the neighbourhood of the skip distance). ^ us e 
ratio of Sioooo /^5 ooo ^ published curve given by 

Lassen is T instead of i for the inverse-distance law. 

In general the distant ray is negligible, and the author 
has.found no definite evidence of its 
facsimile records. The fact that the efiectave height 
does not vary largely with the angle of “ 

additional experimental proof of the i^veme-dis^ce 
law for each separate ray. For if this i® f ® 

equivalent rays behave as if they were reflected at a 
definite (fictitious) surface, and in such a case i ^ y 
to see that the energy distribution at C ®®y> ^ 
that which would have been produced by a vertic^ 
image atTp say (see Fig. 17), and is inversely proportional 

ray aen contributes a field intensity, apart 
from attenuation, of an amount 


Zn(VW)m* 

B 


(39) 




it satisfies the condition that f cos 
•'0 


1 * 1 . 
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very nearly (assuming the angle is small, and putting 
R for p). The field may either be horizontally or ver¬ 
tically polarized, so that, considering the energy to be 
equally distributed between the horizontally polarized 
and vertically polarized waves, we have for the con¬ 
tribution to E (vertical) 

Stt (VW)f(d ), 

.... (40) 

In general we have seen from the facsimile results 
that there are n rays, and this number n is the nearest 
integer just less than the ratio of the total range B to 
the skip distance. 

Since the difference in length of any two of these rays 
is a very large number of wavelengths, we may consider 
all the rays to be random-phased, and, instead of taking 
the resultant field strength as n times that of one, we 
have, according to Rayleigh's law, to add energies and 



Fig. 17. —Reflection at a virtual layer. 

not amplitudes and so multiply (40) by ^/n in order to 
get the resultant average intensity 

^ _Z7rVn{VW)f(d) 

— 

to our degree of approximation, but since we can replace 
n by R/cIq this becomes 

^_ wvw)m . 

vw) ■ ■ 

This should be the natural form of the amplitude factor 
(apart from attenuation) in the transniission formula. 

It is to be noticed that it varies as 1/VR and not as 

1/jR. 

The 1 /^/R form is invariably associated with the trans¬ 
mission between layers, whereas the 1/E form is not. 
It can easily be deduced from energy considerations for 
the waves between layers spread out cylindrically and 
not spherically. Thus where there is no loss of energy 
the whole of the energy transmitted, i.e. TF, is radiated 
through the cylindrical ring of radius R and height h. 
Therefore the average flow of energy is F/(27rRA) and 
the corresponding field intensity is proportional to the 
squaxe root of this, i.e. K^W/Vi^irEh) sjxd varies in¬ 
versely as 

The inverse-distance law is not the expression of 
transmission without loss, as often assumed, but the 
inverse ^R law is. Any considerable divergence from 
the form above must inevitably be attributed to attenua¬ 


tion. The fact that, in actual practice, the differences 
from wavelength to wavelength and time to time are 
enormously greater than can be accounted for by a 
formula of the type above, seems to the author to be 
a complete proof that the major factor in the control 
of short-wave daylight signals is attenuation. 

An example will make this clear. At midday a 20-m 
beam station at 1 000 km distance would be inaudible 
in England, but a 16-m signal would have a field 
intensity of about 15 to 20 decibels above 1 micro¬ 
volt. A field intensity of — 20 decibels is easily 
heard. The difference in intensity must therefore 
be greater than 35 to 40 decibels. Estimated from 
the inverse formula given above, the difference 



1000 zm zWo 4000 

Distance, km 

Fig. 18.~Results obtained on S.S. “ Homeric," 24-2 m. 

4th-llth June, 1930. 

cannot be greater than the square root of the ratio of 
the skip distances of these two waves, i.e. approximately 
^(1 300/900) = 1‘21, or 1*6 decibels. Similar examples 
could be multiplied indefinitely. We can therefore 
confidently assert that the major controlling factor in 
short-wave daylight transmission is attenuation. 

At night time the effect of attenuation is not so 
marked, and the main factor is probably electron limi¬ 
tation, although the effect of attenuation must not be 
neglected. 

The next step is to determine—if possible—the 
attenuation. Where there is any doubt, as there must 
be, as to the value and form of the " focusing " factor, 
the o^y definite method of finding the attenuation 
curve is actually to determine the field-strength/distance 
curve of a station. Opportunity for doing this was 
afforded by the equipment of the S.S. ** Homeric " and 
the S.S. ‘'Empress of Britain" with telephone trans¬ 
mitters working on spot waves in the neighbourhood 
of 24 m and 75 m. Unfortunately the results’ are not very 
numerous: they are, however, sufficient to give a fairly 
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well-defined attenuation curve. Together with these 
we have the results published by Anderson.* These 



0—'—-TOOO 2000 3000 

Distance, km 

piQ 19.—Results obtained on S.S. ** Homeric/* 24*2 m, 
6th.-9th July, 1931. 

give the variation of signal strength with distance of 
the 75-m transmission from S.S. “ Leviathan,” measured 
from October to December, 1929. 


with equal justification be said to approach the inverse 
square-root law, leaving 2 or 3 decibels at 6 400 km dis¬ 
tance to be accounted for by attenuation. This is a defi¬ 
nite case where the night attenuation is small. In the two 
attenuation curves obtained on S.S. “ Homeric ^ 

24-2-m transmission (Figs. 18 and 20) in daytime the 
divergence between the actual observation and those cal¬ 
culated on the inverse square-root law is very inark^, 
and is also very different in the two curves, the effective 
attenuation in June 1930 being much greater than that 
in July 1931. The results, so plotted, represent a com¬ 
plex problem. If we attempt to analyse the results m 
the usual manner by assuming M! to be of the form 

__ 1 3n(VW)f(d) ^_^ _ (42) 

“ V2 ’ V W 

1 we find that the signal intensity cannot be put in -tos 
form, at least for the " Homeric " results. Taking the 
logarithm of both sides, we get 

log JE - log 
and the quantity 

should be linear in S and the curve representing this 
relation should pass through the origin. 

In actual fact this is far from the case, as the curve 

,ep«.e»lingloe2!i^5|*of J! de„ly 

indicates. 


10 g|^J® 





Square of vraveleufth (metres)' 

Fig. 20. 

• V* 1 AC TTk. ii-Doer limit of No reasonable amount of alteration to the constants 
The curve shows mght values. The upper limit or factor will make the dotted curve repre- 

these approaches the inverse-distance law, or nugh ^ 19 approximate to a straight line 

* Proceedings 0/ the Jnsmute Of Roaio Engineers, mi, 
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passing through the origin. This is in spite of the fact 
that in the range between 1 OQO km and 3 500 km the 
derived curve for the Homeric ” is approximately 
linear. It is, however, very far from passing through 
the origin. 

The type of attenuation curve such as this in which 
the attenuation coefficient is large for short distances 
and decreases with increasing distance is very familiar 
in all branches of physics, and implies the attenuation 
of non-homogeneous radiation in the sense that the total 
radiation is composed of different parts, which have 
different attenuation coefficients. The highly attenuated 
components are rapidly absorbed, leaving the slightly 
attenuated components of less amplitude to carry on to 
relatively great distances. In the case under considera¬ 
tion the attenuation of this type is naturally explained 
on the hypothesis that the rays of each order are differ¬ 
ently attenuated. We have clear evidence of this from 
the facsimile results in which we found evidence that 
the high-angle rays are much more attenuated than 
low-angle rays, especially at a time when the F layer is 
at its maximum density. We can therefore attribute 
the “ Homeric results to rapid attenuation of the 
high-angle rays, leaving the lower-angle rays to carry 
on with less attenuation. It is unfortunate, perhaps, 
that results for midday were plotted when the difference 
between high- and low-angle attenuation is a maximum. 
This is the time, however, when conditions are stationary. 
At other times the rapid change of path conditions with 
time makes it difficult to obtain sufficient material from 
which to derive a definite value of the attenuation. A 
few points would be sufficient were it not for the varia¬ 
bility of results which makes it imperative to obtain a 
large number of points and take the average. 

These considerations lead to the following expression 
for the resultant intensity. We have seen that each ray 
contributes a field 

MVW)f(en)iv2E 

where WfiOn) is the power radiated in the direction 6^ 
and R the distance between transmitter and receiver. 
This is apart from attenuation, which we have seen must 
play an important part in short-wave day transmission. 

Thus can be expressed 

. . (44) 

introducing by the exponential the effect of attenuation, 
and the total resultant will be the square root of the 
sum of the squares of the components, i.e. 

. (45) 


radiated at shallow angles, and we may take/(fl^) = 1, 
^us assuming that the ener^ radiated along each ray 
is approximately the same. 

In this case we have 






(46) 


Let us suppose that Oj is the least of the attenuation 
coefficients; then when It is great enough all the terms 
are negligible compared with e“ 2 aoi?^ and Eres. is 
expressible in the form 




^—aoR 


(47) 


At the other extreme where the transmission distance 
is small or the difference in the a*s small, we can 
define a mean attenuation e-a-K such that 

.... (48) 


where n is the number of rays and E becomes 



^/n . S7T'\/W 
V2.It ® 


-SB 


or 


V(2d^f 


-iR . 


(49) 


In such a case a is not a constant independent of B 
unless all the a’s are equal, in wliich case it is equal to 
any of them. Where the a’s are nearly equal and B 
not too great a is nearly constant, and this is a con¬ 
venient formula. In any actual case JE„s, should lie 
between these extremes. It should be noted that a 

is alwajrs greater than oj, so that 


SirVW 

V(2d^) 




> 


--e—aoit 



If Uq were known, we should have a means of testing 
this inequality, or if we consider Uq unknown this in¬ 
equality may be considered to be a relation for determin¬ 
ing the extreme limits for Uq, i.e. o-q and Uq given by 


ZttVW 

V(2d^) 


e-aoii = ^ 


ZttVW 
V 2. B* 




. (61) 


For transmission over great enough distances a, may 
be determined very approximately from the relation 



V2.B^ 



aU the quantities except oq being known. In a number 
of the measured transmissions, th^e conditions appear 
to be satisfied. 

If we take the Homeric results as representative, 
then after a distance of some 2 000 or 3 000 km the 


It might be thought possible to analyse the actual 
attenuation curve into an expression of this sort, especi¬ 
ally as we know from ^f^^ experiments the number 
of components, i.e. rays, into which the curve has to 
be analysed: In the author’s opinion, however, the 
curve is not accurate enough for this purpose. 

This, then, is the general expression for E, 

‘lu the case -of the shorter waves all the fays are 


^ -VCULUC? U.A. 

Agam, in the facsimile on South Africa at or near mid¬ 
day, all the rays but one appear to have been weeded 
but, which implies that the above condition is satisfied. 

For the purposes of analysis the conditions should be 
as uniform as possible along the path. This is achieved, 
to a great extent, by considering those paths for which 
the mean altitude of the sun along the path is a maximum 
a,nd for which the path, is wholly in daylight. Conditions 
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are in general stationary at such a time and well-deter- 

mined values of a can be obtained. -ur • ^ 

In Table 7 most of the possible examples obtained 
during the year’s interception which satisfy these con¬ 
ditions are made to yield values of the limits of Uq. 

Seasonal variations are eliminated as far as popible 
by choosing that material for which the mean conditions 
of ionization, as far as can be judged, are constant along 

the path. ,, 

In the nomenclature of a previous paper* the P^-ths 
were chosen to lie entirely in the A pade (this being the 
sunlit grade.of* maximum ionic density). 

• Table 7. 


to Some of the evidence has been published in 

refers to daylight ' transmissmn 
and B grades. It is not necessarily true of night 
mission!^which appears to be only slightly attenuated. 


The expression 


^ V2--B 


Station 


Buenos Ayres 
South Africa 
Poona, India 
New York 
Telephone 
Montreal 
New York 
Telephone 
Cairo (SUC) 
(SUZ) 
Homeric ” 

Montreal 


Wavelength 


} 


15- 2 

16- 01 
16-4 
16-0 


oioR<B- 10000 km) 


Upper limit 


16* 

20 - 

21 - 
24 ‘ 

32 


4‘11 

4-61 

500 

5‘96 

6-34 

5*88 


Lower limit 


3*40 

3- 67 

4- 60 
4-90 




81 

80 


4- 35 

5- 56 

5-85 
.6-70 

6-01 (4*85, 

7*5, 5-62) 

14-0 

10-8 (lower limit) 


{: 


6-2, 


If we consider the lower limit to be nearer to the true 
value of an, then we find that Uq increases rapidly with 
the wavelength. We find, in fact, that Uq is very near y 
proportional to A^. In Fig. 20, do is plotted with as 
abscissae. The relation is nearly linear. 

XJltimat$ Range, 

Comparing stations of the same power in the A grade 
and at long ranges, E can be expressed in the form 


V2..K 


. (53) 


Then except for the first factor, involving 1/iJ, winch 
only varies relatively slowly compared with the exponen¬ 
tial, the signal-level will be the same if is the same 
for ah the Rations, i,e. 


jSoA^jR — constant 


(64) 


The range R, then, at which the signals reach a certain 
level, wiU be inversely proportional t^ 

In a previous exainination of a very large amount of 
material in and before 1928, in which signal strengths 
were estimated on the JR scale, it was found that the 
range was indeed very closely inversely proportional 

• "World-Wide Communications,” paper read at tte WoiM Engineering 

Congress, Tokyo. 


really refers to a flat earth. 

The correction for a spherical earth can easily be made 
If <i is the angle subtended by the range B at tte ® 

centre, and if B^ is the earth’s radius, so that B - 
then we have to replace by sin When ^ is 
small it is obvious that the difference is also very small, 
because we can replace sin ^ by ^ and obtain 

= .(55) 

In the other limiting formula, where the whole « rays 
are equally attenuated, 

P ^ . . . (56) 

V(2(ioRo 4 >) 

Even though Oo tends to zero as the wavelength decrease, 
and appears to reduce the attenuation to small values, 
the si^ial obtained is well, below the true value for 
lossless transmission. 

This is clear when we compare the formula tor 

Sttv^ 

lossless transmission, i.e. approximately ^ 
with the limiting form 

V[(y(Bo<^)] or V(<iol^) ’Which maybe of the order of 

i or 1 for long-distance transmission. 

To put the matter concisely, though perhaps not too 
accurately, short waves enable us to attain enonn^s 
ranges but only with relatively small signal mtensity. 

It is only a small fraction of the radiated energy that is 
able to stay the course. We have here the eiqjlanation 
of the fact, so often observed, that although the shorter 
waves of the short wave-band are necessa.ry to cover 
long ranges, the signal intensity obtained is often a^- 
appointingly small. A cursory examination of the 
s^al-intensity records shows that high signal-levels 
axe always attained with longer waves. 

These conclusions have been obtained purely on experi¬ 
mental evidence of facsimile, attenuation curves, a.nd 
measured si^al intensities. No hypothesis concermng 
the mechanism of the Heaviside layer has been used, 
except what has been tested by experiment. When we 
seek answers to the question naturally suggested by 
these results, we have to employ some more or less 
definite theory of the Heaviside layer. One such ques¬ 
tion is: Which are the more highly attenuated rays ^d 
which axe those that carry on for a long distance ? _lhe 
evidence from facsimile results supplies an immediate 
answer to this question. ’ .x • 

The absence of Mgh-angle rays on South Africa (16 m) 
at midday and on South Africa (32 m) in the early 
evening, the absence of multiple echoes on round-the- 
world signals, and many similar observations already 
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quoted, show that high-angle ra37s are more attenuated 
than low-angle rays. Whether this is always the case 
cannot be definitely stated, although theoretical reasons 
^d the author to suspect that it is practically always so 
question why it should be so can only be answered 
by reference to our simplified model of the Heaviside 
layer. Facsimile results show us that normal trans- 
mssion is effected by a sheaf of rays which zigzag 
beWn the earth and the Heaviside layer. An nth 
order ray wiU make 2n passages through the lower E 
layer. As we have seen, the attenuation in this layer 
on account of electron collision with molecules is appre- 
ciable, even on the shorter waves. If we know the ray 
path and the distribution of ionic density and 
frequOTcy in the E layer we have the data for calculating 

passage through this 

The data given on page 423 supply us with a represen- 
tative value for the E grade. ^ 

The conception of the '' optical thickness ” of the 
layer is helpful here. This is the quantity 


where z is 




(57) 


ray passing once 


n - • ^ height, the ratio vJIttv), the 

collision frequency, and v the actual frequenL. v. is 
vl*’ I"® til® critical frequency corresponding 

StiT^ * I “ numeric^ 

file “tegral is therefore of the dimension of a 
length, i.e. the optical thickness T of the layer 
If we multiply by 2w/A and take the exponential, 

e , we get the attenuation of a 
vertically through the layer. 

;P^ocgh the layer obliquely at an 
angle of elevation 0, then the length of passage is 

of l/(sin0) to 1, so that the total 
nttenuation in this case is 

gTT T 

e A ’sinfl . . . . , 

passages through the layer. 
Therefore the attenuation of an i^th-order ray is 

e A sm a.(ggj 

mere the eartti's curvature can be neglected, hllL 
= tto 6. where = E/(2n) and E is the total ranW 

+ + 7~ substituting for 2>i 

the total attenuation of an wth order ray is 

E tan dn 2 jt T _ S 2ttT 

e A A 'sindn = g Acos0 „‘T . (60) 

^ere is the angle of elevation of the «th-order ray. 
Where the rays are all confined to a sheaf for which the 
mTOm angle so small that the difference betJn 
cos and 1 can be neglected, each ray is atUnuaUd the 

same amount. With a low-order ray 4 smaUernumS 
® layer is practically compen¬ 
sated by the greater length of each passagl Where 
the maximum ray angle is less than 26» and the total 


attenuation is of the order there is only a differ^ 
ence of 3*2 decibels between the highest- and lowest- 
angle ray over a distance of about 10 000 km (on 16-m 
wave). This certainly does not account for the high- 
angle attenuation observed. 

We can calculate the value of T, the optical thickness 
when the density distribution and 
collision frequency distribution are known. 

From the results tabulated on page 422, Fig. 21, 
representing the value of as a function of the 

height, has been constructed. 

At heights above the region where N is a maximum 
the value of N is unknown, but at such heights, so long 
as we assume JV < , as we must, the collision fre¬ 

quency is so small that there is hardly any appreciable 
contabution to the integral for T, Thus the uncertainty 
with regard to N in these regions is not serious, because 
Vc IS so small. 

By integrating the area under this curve we obtain 
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Fig. 21.—^Attenuation in E layer (A = 22 m). 

the optical thickness corresponding to a wave of 22 m. 
T for this wave is 1* 69 m. 

From the known geometry of the rays the total 
exponent in the attenuation formula is known. It is 
approximately 

2n X 1-59 27r 

sin ^ X 

and becomes approximately 7-15 for 10 000 km 
We observe that 2 itT/A varies directly as A^ It is 
therefore reasonable to identify this with the HmWng 
value of ttj, the effective attenuation coefficient at long 
distances. If we plot this on the curve we find 
^t the point is a little high. The value should be 6-2 
instead of 7-15. Considering the uncertainty of the 
data the agreeipent is reasonably good, and we may 
feel confident that the residual attenuation a of the 
low-angle rays is caused by their passage through the 
lower attenuating E layer. 

_We have still to explain the high-angle attenuation. 
Havmg accounted completely for the E-layer attenuation 
we are forced to the conclusion that the F layer must 
be rw;^nsible for this attenuation. In the South African 
ftoimile results, the maximum attenuation occurs at a 
time when the F layer density is a maximum, and not 
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when the E layer is. This constitutes additional evi¬ 
dence that the high-angle attenuation is caused by the 
F layer. The results imply that there is a certain 
residual attenuation in the regions where the rays are 
bent back to earth. The characteristics of such attenua¬ 
tion can be discussed in a general manner by considering 
that the density increases upwards and is sufficient at 
the greater heights to bend the rays to earth again. 

A ray of shallow angle of elevation only penetrates 
the lower regions of the layer (where N is small) and the 
distance traversed in the layer is also small, so that 
the total attenuation is small. A higher-angle ray 
penetrates more deeply and has a longer path in the 
layer, so that the attenuation is greater. Thus in 
general the attenuation increases rapidly with the 
increase in angle of the ray. This appears to conform 
to the characteristics of the high-angle rays as observed. 
Again, shorter waves will, for a given angle, penetrate 
more deeply and have a longer path in the layer. In 
spite of the fact that the specific attenuation (per unit 
length) is reduced, the resultant attenuation, depending 
mainly on the depth of penetration and length of path 
traversed, increases with increasing frequency. The 
evidence as regards the variation of high-angle attenua¬ 
tion with frequency is very incomplete. Distant 
measurements determine olq only. The final field 
strength at a distance only depends on Uq. The value 
of aQ therefore contributes nothing to the determination 
of high-angle attenuation. 

The dip in the skip curve for waves above about 35 m 
(in daytime) where electron-limitation skip-efiects cannot 
occur, should give information on this subject, according 
to the theory given in the author’s previous papers, in 
which the skip in such ranges of wavelengths is attributed 
to the attenuation of the higher-angle rays. The fact 
that this skip region fills up on the longer waves is 
evidence of decreasing attenuation with decreasing 
frequency. 

It is to be emphasized, in this connection, that in 
midday conditions the electron-limitation theory of the 
skip distance cannot apply to waves above 35 m (the 
critical wavelength corresponding to the maximum layer 
density Nmax) • region we must use the attenua¬ 

tion theory of skip, which only holds good if there is 
attenuation in the F layer with the characteristics 
already discussed. 

Using definite models of the F layer, the attenuation 
can be more definitely expressed. Thus if the gradient 
is constant the reflection coefficient is 

where the quantities have their usual sigi^cance.^ If 
the density is proportional to the square of the height 
the reflection coeflBicient is 


7r(^o)xsii\° e 


. (62) 


where is the depth of penetration into the layer 
at normal incidence on the wavelength A. It varies 
inversely as A. Both formulse have the general charac¬ 
teristics (1) that there is a rapid increase of attenuation 


with the increase of angle of elevation, and (2) that 
there is an increase of attenuation with increasing 
frequency. These are the characteristics discussed above. 

In the absence of any knowledge of the molecule 
density in the regions of the F layer it is hardly profitable 
to discuss the theoretical aspect of these results, but it 
might be worth while to determine roughly what average 
collision frequency is required to produce appreciable 
attenuation, and to see whether the figure comes witon 
the bounds of possibility. Taking the second model, 
i.e. supposing that the density varies approxmately ^ 
the square of the height above 200 km. and t^^at the 
apex of the ray on the wave considered reaches a height 
of 300 km. so that {^o)^ 8 = 200 km former, sup¬ 

posing that the reflection coefficient is e . then tte 
mean collision frequency required to produce this 
attenuation is 4 X 10®, which does not appear to be an 
unreasonable value. 

Appreciable high-angle upper-layer attenuahon appe^s 
to occur at midday and on waves below 25 m. bkip- 
efiects seem to imply that this attenuation is appreciable 
on the wave-range between 20 m and 70 na. ^ ^ n j 

The F-layer attenuation is quite marked in luli day- 
light conditions (A grade). There is insufficient evidence 
to determine how the layer attenuation varies diumafry. 
seasonally, and with latitude. Anderson’s cu^^ of the 
“ Leviathan ” on 75 m seem to show that it is small 
on this wavelength. 

The author feels that he might be accused of picking 
out that material which fits best into the t^eoreti^ 
puzzle, if he did not exhibit or call attention to ^ the 
Lterial impartially. In Table 7 all tne material is ^ 
far as possible treated in the same way, and val^s for 
Oo and 5o are obtained for the different seasons, different 
wavelengths, and different paths. a 

The observations on the stations Buenos Ayres 
(16-2 m). Cape Town (16-01 m), Poona (26-4 m), 
Odro (21-7 m), and possibly Montreal (32-1 m), yield 
values of ou which fit into the scheme , but the 

observations on the short 16-m to 20-m fr^attotac 
stations definitely yield values of ?5o 
in, being consistently larger, wavelength for wavelengiffi, 
than tiie others. Can it be considered that this rnv^- 
dates the conclusions drawn from the consistent obser- 

'"^ItTto be remarked that the abnormal routes are ^o 
the variable and magnetically disturbed ones. ^ 
transatlantic great circles fall within the magnetically 
disturbed areas, if not withm the 
seems natural, therefore, to suppose that the abnormality 
is connected with this fact. 

We have tacitly assumed, and justifiably m ^ 
author’s opinion, that in the undisturbed regions _ae 
lowest-angle rays are unaffected by F-layer attenuation. 
It does not seem impossible that in the disturbed 'O'® 
i.e. transatlantic ones, this is not the case, ^d ttat 
there is still some residual F-layer attenuation even 
for the shallowest-angle rays; this seems _the more 
probable on account of the fact that the abnormality 
1 is only present, or at least is more marked, on the 
' shortest transatlantic waves, i.e. 16 m. 

The facsimile record on Montreal taken durmg dis¬ 
turbed conditions lends support to this contention, for 
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it indicates that at such times high-angle attenuation 
is more excessive than in normal times. The disturbed 
areas have, it appears, greater F-layer attenuation than 
undisturbed regions, and apparently some residual effect 
remains even on the lower rays. 

The overall attenuation on paths of mixed light 
and darkness is difficult to interpret. The apparent 
attenuation is low on normal all-dark routes, but again 
the transatlantic, routes form an exception, for many 
high and irregular values of a are found in transmission 
when the route is wholly in darkness. The evidence 
seems to suggest that these transmissions are not only 
abnormally variable and subject to the effect of magnetic 
storms, but are subject to particularly high and variable 


able to analysis. It is, however, the more complicated 
cases that claim our attention when we are forced to 
consider the performance of any radio link. For this 
purpose K. Tremellen and the present author have 
devised a more comprehensive, if less accurate, method 
of determining these transmission characteristics. This 
has been published in the Proceedings of the World 
Engineering Congress, Tokyo, 1929. The method con¬ 
sists in employing a sort of weather chart of the Heaviside 
layer, which is of course related with the local time on 
the earth^s surface, and moves round with the sun. 
This chart is marked with contour lines, like the isobars 
on a weather chart, which, for the night regions, give 
approximately the lines of equal maximum electronic 



F-layer attenuation. The two effects are in one sense 
the same. 

The seasonal variation of daylight overall attenuation 
is shown in Fig. 22. This is most marked, of course, 
where the seasonal changes are greatest, i.e. in northern 
latitedes. There is practically no change on the South 
African route, as the mean conditions on the path are 
practically independent of season, half the path being 
in the northern and half in the southern hemisphere. 

^ A feature which is rather surprising is that the con¬ 
ditions do not appear to be symmetrical about the 
summer and winter solstice. There is a sudden drop 
in the autunon and a slow rise in the spring. The results 
remind the author of the figure published in 1926* for 
the seasonal variation of field intensity of the long-wave 
transatlantic stations. 

In the foregoing the author has picked out the simpler 
cases of transmissions which take place as far as possible 
in a uniform grade, so that the results should be amen- 
. ♦ Journal I.J2.S., 1925, vol. 63, p. 943 . 


density in the F layer. In the illuminated or day 
regions, the contour lines are more approximately those 
of equal density in the E layer, since it is the attenuation 
in this layer that is the main factor in transmission in 
daylight. 

If the transimssioE characteristics on any given route 
and^at a given time are required, the chart drawn on 
tracing paper is adjusted on top of a Mercator projection 
of the w6rld, showing the great circle to be examined 
so as to represent the conditions in the Heaviside layer 
at the given local time, and then the radio conditions 
along the route can be read off at a glance. Separate 
charts are required for the various seasons. 

The author does not intend to discuss this subject 
here in detail, except to show the bearing of the 
present measurements on the charts chiefly compiled 
from results obtained in 1928, and to point out the 
theoretical significance of these charts. 

Originally started in a seini-empirical manner, always, 
however, with an eye to theoretical sigiiificance, they 
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have become now in a great measure a real picture of 
the state of the maximum density in the Heaviside layer. 

It is doubtful whether the charts could have been 
compiled if some theoretical guidance had not been 
forthcoming. With regard to the theoretical signific^ce 
of the night contours, in the special case of the equinox 
chart near the Equator we have a means of checking 
these contours. From our experience of short-wave 
transmission we know the shortest wave that can be 
transmitted through a given grade. (The state of the 
layer between any two adjacent contours is denoted as 
a grade.) 

Corresponding to a definite limiting wave, there is a 
definite maximum layer density. The times at which 
the various contours cut the Equator give the progress 
of the maximum density throughout the night. This 


ficant. Any marked change in the shape of the diurnal 
curve will be significant, but changes in the absolute 
values are not. This is because the charts, which give 
the final efilects in B strengths, were not, until 
recently, finally calibrated in absolute measure. Some 
significant changes can, however, be noted. In par¬ 
ticular the 32-m transmission from Montreal has been 
modified very considerably. Whereas, in 1928, signals 
throughout the winter nights were good for traffic 
handling, the observations in the winter of 1930-31 
show that the signals drop to uncommercial values^ at 
midnight and do not become normal until after sunrtee. 
On the other hand, day signals in the winter and spring 
months up to May, 1931, had a generally higher level 
than those measured in 1928. These results and other 
Airamrleg of the same sort suggest a secular decrease 



of density in the F layer and a corresponding decree 
in the E layer, giving less daylight attenuation. The 
fiurst effect necessitates the use of longer waves at mght 
to perform a given service. 

Waves of 46 to 60 m are now required on the Montreal 
and transatlantic night service to do the work formerly 
done by the 32-m wave (1927-28). This secular ch^ge 
is reflected in the two diurnal density curves for 1929 
and 1931 derived from facsimile results. The improve¬ 
ment in transatlantic day transmission on 32 m is not 
pr^ent in the 16-m transmission. This may be paxtiy 
due to decreasing density in the F layer increa^g the 
skip, and thus decreasing the available energy, but the 
author doubts whether this efifect is sufficient, and he is 
inclined to attribute it to an increasing F layer attenua¬ 
tion. The 32-m E layer attenuation appears to have 
decreased, and we are driven to suppose that the^ 16-m 
transatiantic attenuation can only be increased in the 
F layer. Such an increase of attenuation in the F layer 
is possible even when the maximum density in this 
layer decreases, because the gradient probably decreases, 

♦ ProceeMngs of the Physicca Society oj umon, ioc.cn,. , 2^ 

VOL. 71. 


can be compared with either one of our recombination 
curves or with the theoretical curve calculated by 

S. Chapman.* n i i 4 . 

His calculation, with cr^ = 1, corresponds closely to 
our case (equinox 1928). A comparison is shown in 
Fig. 23. The large dotted lines are the observed contours, 
the small dotted lines the calculated ones. The agree- | 
ment is quite fair, considering the semi-empirical method 
by which the chart was compiled. . . 4 . 

A result that follows from Chapman^s analysis is that 
the positions at which the contours cross the Equator 
should be approximately independent of the season, and 
We End this fact reflected in our charts. 

It would no doubt be an excellent exercise in the use 
of the charts to compare the actual diurnal signal 
curves with those deduced from the charts. The con^ 
parison should indicate any secular changes associated 
with the sunspot 11 -year period that have taken place 
since 1928. Only those sufficiently large to sw;amp the 
uncerta,inty of estimation from the charts will be sigm- 
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and therefore the penetration and, hence, attenuation 
are greater. This is shown in the formula 

tt{Zq)x sin ^ 6 

Reflection coefScient = e 

The attenuation increases in proportion to ^0- the depth 
of penetration into the layer. There is, however, an 
opposing factor in the fact that' the penetration to 
greater heights brings the ray into regions where Tq is 
greater or the collision frequency less, and thus tends to 
decrease the attenuation factor. Observation seems to 
show that the former is the controlling factor. 

It needs boldness to predict the changes in short-wave 
transmission due to the secular changes in the Heaviside 
layer caused by the 11-year sunspot change. Never¬ 
theless, the author is willing to court failure if such a 
prediction opens one’s eyes to the significance of such 
changes as do occur, and leads to extended observations 
and tests of the theory. 

The predictions are based partly on magnetic obser¬ 
vations which, if correctly interpreted, give evidence 
for the secular changes of the density in the E and F 
layers. According to S. Chapman’s magnetic evidence, 
the F layer has a large variation of N during the sun¬ 
spot cycle, varying in parallel with, say, the sunspot 
numbers or associated magnetic storms. It varies 
irregularly from day to day by 20 per cent or more, 
quite independently of magnetic disturbance. 

The E layer has a much smaller sunspot-cycle variation, 
but varies considerably from day to day in parallel with 
magnetic disturbances. 

The effect of these changes on radio transmission can 
be gauged approximately in the light of the theory 
previously given. The conclusions are, , of course, 
speculative, and perhaps the radio engineer would not 
be justified in altering his whole technique in accordance 
with them. However this may be, we are justified in 
deducing that the short-wave limit at any time, i.e, the 
wavelength at which the skip tends to infinity at this 
time, will vary in parallel with the phase of the sunspot 
cycle. The short-wave limit will 'be lowest at sunspot 
maximum and highest at sunspot minimum. As regards 
the percentage change in wavelength between the two 
extreme phases, we have as yet insufS.cient evidence, 
but the author feels that it may lie between 30 and 60 
per cent. 

The effects on attenuation are more complex, as both 
the E- and F-layer attenuations have to be considered. 
In a qualitative way the author would say that the i 
E-layer attenuation should decrease between sunspot 
maximum and sunspot minimum to an extent of some 
30 to 50 per cent, dependmg on the particular sunspot 
cycle. The F-layer attenuation probably increases, but 
this effect is more speculative and is based on obser¬ 
vations separated by an interval of time, viz. 1928- 
31, which is small compared with the sunspot cycle. 
The effect of such changes in each individual trans¬ 
mission must be worked out separately, and too much 
space would be occupied in considering the various 
possible combinations of circumstances: on all possible 
routes. Some examples, however, will illustrate the 
effects. 


Thus, take the transatlantic transmission. A wave¬ 
length of 40 to 60 m will probably be satisfactory for 
night transmission but will be useless in daylight. A 
wave of 30 m will be too short for night transmission 
but will be a good daylight wave except perhaps in 
midsummer. A 20-m wave will probably be a good 
daylight summer wave. 16 m will still be a daylight 
wavelength, but of poor intensity, and its period of 
usefulness will be much reduced. 

As another example consider the South African route. 
The midday communication is mostly controlled by 
E-layer attenuation. This should be improved at sun¬ 
spot minimum unless F-layer attenuation begins to be 
effective. The shadow-band peak, which is mostly con¬ 
trolled by F-layer attenuation, will decrease towards 
sunspot minimum. The contrast in intensity between 
the shadow-band peak and the midday minimum, which 
is very great at sunspot maximum, should decrease 
towards sunspot minimum. We have, already, indica¬ 
tions of this effect. The ratio of sunset peak to minimum 
midday signals at the end of October and beginning of 
November, 1931, is certainly less than the corresponding 
ratio at the same time in 1930. It may be possible to 
use a longer wave for day-working to South Africa 
during this phase of the magnetic cycle. 

It is probable that the 34-m South African night-wave 
will be rather short for satisfactory working throughout 
the night, especially in our winter. 

Summary of Part 2. 

A very brief summary of these conclusions may help 
to focus attention on the salient features of short-wave 
transmission as disclosed by our results. 

The material, consisting of a large number of measure¬ 
ments of signal intensities throughout the year 1930- 
31, has provided data for the analysis of transmission 
effects. Starting from the attenuation curves of the 
S.S. "Homeric,” S.S. "Empress of Britain,” and S.S. 

" Leviathan,” we conclude that each one of the sheaf 
of rays transmitted is differently attenuated, and with 
the help of the facsimile results we conclude that high- 
angle rays are more attenuated than low-angle rays. 
The field intensity of a single ray was found to depend 
on two factors—attenuation and the focusing factor. 
Facsimile results and other theoretical considerations 
show that the focusing factor was practically propor¬ 
tional to the inverse distance. 

The extreme variation of signal intensity could not 
be accounted for by variations in the focusing factor, 
and we concluded that the main factor in daylight 
transmission was attenuation. 

Eliminating the magnetically disturbed routes (trans¬ 
atlantic) we found evidence that the overall attenuation 
qo was proportional to the square of the wavelength. 

The overall attenuation on the disturbed routes was 
greater. 

There was also some evidence of residual attenuation, 
even at night, although in the 76-m "Leviathan’* 
transmission it was small. The low-angle attenuation 
tto was identified as the attenuation of the rays passing 
through the E layer, both for the reason that it varied 
in proportion to and for the reason that the calculated 
E-layer attenuation agreed well with the observed. The 
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high-angle attenuation and the excess of attenuation in 
transatlantic transmissions was attributed to F-layer 
attenuation. Skip effects on wavelengths greater than 
35 m show that residual F-layer attenuation should exist. 
This F-layer attenuation is shown to be more important 
on short than on long waves. 

The secular changes in transmission between 1927-28 
and 1930-31 are partly disclosed by the comparison of 
our recent results and those compiled from iJ-strength 
observations in 1928, and summarized in the form of 
semi-empirical charts, the theoretical significance of 
which was discussed. 

These changes comprise an increase of limiting wave¬ 
length, a decrease of E-layer attenuation, and an increase 
of F-layer attenuation between sunspot maximum and 
sunspot minimum. 

The practical consequences of some of these con¬ 
siderations is important. 

The reasoning on which the raised-aerial experiment 
was projected in May, 1926, and described in the Journal 
(1927, vol. 65, p. 600) is fully confirmed. 

Low-angle rays are least attenuated, and long-distance 
transmission is practically wholly effected by ^ these. 
The use of a high beam aerial with a low projection 
angle (especially for the shorter waves) is therefore 
justified. If additional evidence of the effect of the 
angle of projection in the vertical plane were required, 
the evidence obtained by Bruce* would be convincing. 
Differences of the order of 15 to 20 decibels were obtained 
on two aerial arrays, one sharply directive at an angle 
of about 25° of projection and the other with a low 
angle of about 10° of projection. 

Skip effects have not been discussed, but the evidence 
is conclusive that day skip effects on wavelengths 
greater than about 30 m cannot be due to electron 
hmitations. For this region the theory of high-angle 
attenuation as outlined in the author’s 1927 paper 
(quoted above) holds good, though the model of the 
Heaviside layer used was entirely wrong. 

Directional effects, beam gains, etc., have not been 
discussed for want of space, although recent tests carried 
out in conjunction with the Post Office show remarkable 
results. Observations made last year show a consider¬ 
able lateral bending of the South African beam at 
sunset, disclosed by relative field measurements at 
Chelmsford and Somerton, and by directional obser¬ 
vations. 

Finality cannot be reached until a whole sunspot 
cycle has passed, if then, but the data so far gathered 
have promoted a better understanding of the nature 
of short-wave transmission, as weU as of the constitution 
of the Heaviside layer. 

PART (3). SCATTERING. 

Facsimile and signal-measurement results throw some 
light on the difficult subject of scattering. Although 
the author has no doubt whatever as to its existence, 
the origin, mechanism, and distribution of such scatter¬ 
ing are still matters for speculation. 

The clearest record of scattering is shovm in the 60-m 
Writtle-Somerton (d ** 227 km) facsimile photographs 

* Bell System Technical Jmrnal, 19Z1, vol. 10, p, 661, Fig. 3b. 


Here we have definite evidence. A single, short impulse 
is spread out into a long trail of, may be, 20 milliseconds 
duration. Such would be the record of a transmitted 
short signal which arrived by different paths, of lengths 
varying from 300 to 6 000 km. It is, however, only in 
rare cases that the scatter- trail amounts to a 20-milli- 
second duration, a more average length being 10 to 
12 milliseconds, indicating a scatter source at distances 
up to 1 500-1 800 km. This agrees with the results of 
triangulation given in the author’s previous paper,- but 
the smudged signals do not show a well-defined scatter 
source, such as is indicated in some other scattering 

records. . 

The other facsimile results which show clear indication 
of scattering are records taken at Somerton on the 37-m 
Dorchester beam station. The distance of Somerton 
from Dorchester is 45 km. It is probable, but not 
certain, that this is less than skip distance at the time 
of observation, so that, except for the direct ray, the 
signal, should be entirely scattered. 

In two of the records there is evidence of scattering. 
Both records have this in common—that there is an 
irregular scattered signal of roughly 8 to 10 milliseconds 
delay. In one case, however, the direct signal is followed, 
after 1-12 milliseconds, by a smudge of scattering lasting 
approximately 4 milliseconds. In the other this early 
scattering is irregular. Other effects attributed to 
scattering are shown, as already noted, on the 16- and 
32-m South African facsimile records. 

The identification of these signals as the effect of 
scattering is still open to doubt. Mogel* has recently 
discussed the quick echoes recorded at Geltow from the 
various local beams at Nauen. He attributes these 
effects to scattering, and employs the present author s 
theory of scattering in explanation. Records obtained 
by Hafstad and Tuve show complex echo patterns 
which are most naturally attributed to scattering. 
These complex echo patterns are not confined to what is 
usually known as the short-wave band, but are also 
indicated in observations made in the broadcast band 
on 1 400 kilocycles or 210 m.f There are now, in fact, 
records of scattering from 15 m upwards to 210 m. ^ 
Although it is perhaps generalizing on insufficient 
evidence, one cannot help being impressed by the fact 
that the shorter-wave scatter-echoes show a much more 
well-defined and more distant scatter source, and that 
where the receiver is beyond the edge of the skip distance 
the scatter signals do not, in general, start until after 
the first main reflection. These results may throw some 
light on the regions where the scatter signals originate. 
Take, for instance, the Dorchester records. It seems, 
since there is a distinct break between the direct signal 
and the first scatter signal, which is delayed about 
1 millisecond, that the scatter source cannot be less than 
about 160 km from the receiver at Somerton. The only 
reasonable conclusion that we can draw is that the 
scatter source is in the Kennelly-Heaviside layer, some 
160 km or more above the earth’s surface. 

Ground scattering cannot account for the absence of 
echoes of less than 1 millisecond delay. 

The 60-m scatter signals are not so defi.nite. It is 

* Eleklrische NachricMen^Technikf IQZl, vohS. v. $21. 

t P. A. DE Mars, T. R. Gilliland, and G. W. Kenrick : Proceedings of 
the Institute of Radio Engineers, vol. 19, p. 106. 
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difficult to trace a scatter signal back to its start, as 
other main reflection signals interfere, and the recording 
speed is insufficient for adequate separation. The author 
estimates that the gap between the first signal and the 
scatter signal is not greater than 0-5 millisecond. 

In Hafstad and Tuve*s experiments on 67 m* in 
disturbed magnetic conditions, the complicated echo 
patterns, which appear to be enhanced during such con¬ 
ditions, do not start until after about 2*5 milliseconds. 
Discounting the abnormal height (corresponding to 
2 5 milliseconds) as caused by the increase in density 
of the lower E layer, these results would imply that the 
scattering source was in the neighbourhood of the apex 
of the rays—at some 200 to 250 km above the earth^s 
surface. 

On the other hand, in MogeTs oscillographic records 
of a 40-m scattered signal this overlaps with the main 
signal, and there appears to be less than 1 millisecond 
gap in agreement with the 60-m facsimile tests. The 
gap between the scattered echo and main signal is quite 
unequivocal on the shorter-wave records taken by 
Mogel, and agrees well with the definiteness of the 
scatter direction as disclosed by our direction-finding 
results. Such results are difficult to understand, since 
we should expect some intermediate delay echoes caused 
by the higher-angle rays penetrating the layer fairly 
close to the transmitter (and hence the receiver). 

Earlier echoes may be absent on account of the absence 
of high-angle rays from the rather sharply defined beam 
projectors used in Mogers experiments, but the present 
author is inclined to think that something of greater 
discrimination than this is required to account for the 
complete absence of shorter delay echoes, an absence 
which is very conspicuous in the records published. 

When the regions above the 100-km layer are shielded 
by excessive attenuation, then, as in the 60-m tests, 
although the direct ray was of the same order of strength 
as at night the scattering disappears. 

Taking all the evidence together the scattering source 
appears to be in the region of the KenneUy-Heaviside 
F layer above 100 km, but the evidence is rather inde¬ 
finite and a good deal more material is required. 

^ A large number of intensity measurements of scattered 
signals from the local beams have been taken during the 
course of the yearns interception, and these also throw 
light on the scattering mechanism. The trouble in 
interpreting these results is that such a large number 
of alternative explanations are possible, and any infer¬ 
ence tends to be more remote than one derived from 
pulse and facsimile measurements. 

On a broad survey two points seem to stand out 
clearly. Firstly, the scattering fields from the shorter- 
wave stations are on the whole very much less than 
those fipm the longer-wave statioiis (i.e. up to 
Secohdly, the scattering from the denser grades A, A-B, 
etc., is very much greater than from the less dense 
grades C, C-C', D,,etc. 

"n order to free the observations from complications 
to attenuation^ and to obtain as far as possible the 
;;^^^ttering power in various conditions, the 
in Fig. 24 were compiled. These are the 

thly fields measured at 2300 G.M.T,, when 

■Qf of Radio Engineers^ 1929, voh 17, p. 151S. 


attenuation should be small, plotted month by month 
throughout most of the year 1931. The stations observed 
are in all cases beam stations, and the scattering direc¬ 
tion close to 180°, i.e. back along the beam path. The 
wavelength range is 27*8 to 43*45 m. Although not 
very great this is sufficient to show a very marked change 
of absolute scattering power with wavelength. For 
every month the scattering region was associated with 
a definite grade in the layer which progressed from 
D to B (or B-C) as the season changed from winter to 
summer. The abscissae can therefore be marked off 
in grades varying from D at midwinter to B-C at mid¬ 
summer. 

Individual peculiarities (directional, etc.) somewhat 
complicate the run of the curves, but there can be 



no doubt as to the general effects of the increase 
in grade density and wavelength. Similar conclusions 
can be drawn from the much more comprehensive but 
less accurate set of observations made during a year's 
interception in 1928, in which the estimated strength 
of a very large number of stations is recorded. 

These results include many estimates of intensity 
of scattered signals. Those from the local beams 

have diurnal and seasonal characteristics which, when 

the effect of attenuation is discounted, * show up very 
clearly the increase of intrinsic scattering with increase 
in layer density, and with increase of wavelength. The 
results of direction-finding experiments also confirm this, 
since the residual field strengths at the minimum are 
less on shorter than bn longer waves. The effect here is 
not so marked, possibly because we are dealing with 
signals scattered forward, i.e. those for which the scatter¬ 
ing angle is small. 

. There exists some evidence that the intrinsic scattering 
is increased during magnetic storms. This is confused 
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by the effect of the increase of attenuation at such times, 
so that scattered fields may either be abnormally strong 
or abnormally weak. An analysis of the scattered fields 
shows, as a rule, abnormalities, but whether of increase 
or decrease cannot be stated. 

Hafstad and Tuve’s results show definite increase 
of scattered or complex echoes during a magnetic storm. 

If the irregular, long-delay, facsimile echoes shown in 
the 16-m South African transmission are due to scattering 
as suggested, then the obvious correlation between these 
and magnetic storm conditions implies a relation between 
intrinsic scattering and magnetic disturbance. The 
evidence is suggestive, but not conclusive, a large amount 
of statistical material being required to establish a 
relation of this kind. 


Theory. 

A development of the theory given in the author's 
previous paper predicts results in general accord with 
these observations. In that paper it was suggested 
that ionic clouds of sufficient permanency would scatter 
the waves more or less in the manner observed. By tracing 
out the irregular scattering records in the 60-m facsimile 
tests it would appear that it is only necessary for the 
clouds to exist for fractions of a second, say >0*02 sec. 
but < 1 sec. We must imagine a state of turbulence 
in which these clouds are continually formed. 

In the previous theory only the simple case of clouds 
small compared with the wavelength was considered. 
The author will deal here with the more general case of 
a spherically symmetrical cloud, which may be of 
dimensions large compared with those of the wave¬ 
length. One is'led to consider such a case for the 
physical reason that such a cloud will offer little obstruc¬ 
tion to the more penetrating higher-frequency waves, 
and will consequently scatter such waves back to a 
lesser degree than longer waves, in accordance with the 
observations described. The explanation will gain 
greatly in significance if the model can be made to 
explain the other main factor, i.e. increasing scatter 
with increasing average electronic density, without in¬ 
volving any further disposable constant. We shaU be 
killing, theoretically, two birds with one stone. To 
analyse this case we have to start with the difierential 

equation of propagation in the Kennelly-Heaviside layer, 

which is 


which is the original undisturbed wave, and which of 
course satisfies the condition 




(65) 


and Ey which is the scattered wave, and can be con¬ 
sidered as a small perturbation on top of Eq, 

Equation (64) therefore becomes 


- i S' - + Vi®. - i 


.2 

VO 
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1 (27r)v|E 


. (63) 


The effect of the cloud is introduced through the term 

!(27r)V?/e® — 47rjWe®/»». 

N may be considered to have a mean value to¬ 
gether with a deviation 8N which is a function of r, e 
distance from the centre of the cloud. _ _ 

We therefore express the equation m the form 




1^ 


- (27r)= 


VO , 

. 9 . ^ 


8v2 


jB== 0 


(64) 


Now consider to be the sum of two parts—iBo, 


the terms on the right being the small perturbation 
terms. The usual procedure, justified where the per¬ 
turbation is small, is to neglect E-^ in comparison with E^ 
in this last term, since E^v^{27tIc)^ is of the second order 
of smallness, and finally, since the first part of (66) 
containing JBo is identically zero, we have the equation 

V*. - 7 

where the form of E^ is, of course, known, giving the 
scattered field JBj in terms of the originating field Eq. 

As we have stated, is a function of r only. The 
choice of the function of r is to a certain extent arbitrary. 
The rr^air. features of the variation of S, with direction, 
wavelength, etc., will probably not be profoundly altered 
by alterations to the model, so long as this represents 
a cloud of finite extent and finite central density. In 
order to avoid excessive complications, we assume that 
the gradients in the cloud are so small that there is no 
necessity to take account of polarization effecte. 

The choice of the function representing Svo is guided 
by a very striking analogy with wave mechanics. It 
will be recalled that in a previous Institution paper, 
and in a recent paper, t a dynamical interpretation was 
given to the ray transmission of electromagnetic waves 
in an ionized medium. It was shown that a pulse moved 
along a ray path as if it were a particle in a field of force 
derived from a potential proportional to the elertronic 
density, i.e. analogous to a stream of, say, a-partcles. 
Electronic clouds in such a medium are represented by 
a spherically symmetrical potential distribution, such as 
would be caused by charged atoms m the mecham^l 
analogy. Such charged particles would scatter tte 
original stream of electromagnetic pulses, or, tte 
mechanical analogy, a-particles. It follovre, then, t a 
the scattering of electromagnetic wav^ by electeomc 
clouds is exactly analogous to the scattermg of o-particles 

the scattering of a-particl^ by hea^ 
atoms has been worked out according to 
of wave mechanics. It is then found that the funda¬ 
mental equation in this analysis has an exact formal 

^^AtomulaJ is derived giving the ratio of the scattered 

• “An Investigation of S^o^Wav^” Waves ‘and 

t “ On the Connection between the ineory ^ 

Dynamics,*’ Proceedings of the 926-bl. 

j /Tsommerfeld: “ Atombau und Spektrallimen, pp. -io doi. 
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wave function to the initial one in terms of the energy E 
atomic number Z, the radius a of 
the 1st Bohr orbit, etc. It is only necessary to translate 
these quantities into the corresponding analogous quan¬ 
tities in our problem to get a complete expression for 
the ratio of the scattered field E^ to the original field E^. 
In pursuing the analogy, it is assumed that the densify j 
distribution is proportional to which is of the 
same form as (part of) the potential of an atom, and 
also that the gradient in the cloud is so small that 
questions of polarization can be ignored. 

The extreme case, where the cloud is very small com¬ 
pared with the wavelength, has already been considered. 

Ihe intermediate case offers considerably more difS- 
cuItiM, and will not be considered here. The final form 
lor the scattered radiation is, then, 


-f i?! Sin2 le 


+H f ^ gives the central density of 

the cloud (r = 0) over and above the mean density 

if- ® thickness of the cloud, i.e. the radius 
which the excess cloud density is reduced to 1/e of the 

of ^ ^ wavelength 

of the ongmal radiation in the medium, i.e. 


A = A/[(l - A2/A§)]^ 


Ao being the critical wavelength for the electron cloud. 

deviation of the scattered ray, E, the 
scattered intensity, and Eg the original intensity. 

It IS easily verified that the expression on the right is 

fs scattered radiation 

Physically obvious, proportional to the central 
density. It varies inversely as the distance from the 
fi °i this acting as a secondary source 

diagram of the 

By hypoth^is a»X, so that the latter term in 
the denoi^ator E? sin^ is the dominant one for all 
values of d which are not too small. The polar diagram 
IS practically l/(Z^sin2j5)S and sinn/vaxiST^ 

0 - 180 (i.e. for back-scattering). We see that the 
energy scattered with small angular deviation is very 
large compared with that scattered backwards. The 
back-scattered intensity is proportional to 

l/A* or A4 . . . . , (ggj 

A t3^ical polar diagram is shown in Fig 26 
According to this theory, then, the amplitude of E, 
scattered back along a beam path, for instance, should 
be proportion^ to Now X is not only a function of 
the wavelength^ vacuo, but also depends on the mean 
value of Xg, the cntical_ wavelength—that is, on the 

^oseness. of A to Ao- 1/A is, in fact, proportional to 
thQ group velocity. ^ ^ 

_ I^e formula, therefore,, expre^es tiie fact that the 
back-scattering is inversely proportional to the fourth 


power of the group velocity. This corresponds, in the 
Malogous mechanical case, to the well-known fact that 
the slow a-p^icles are much more readffy scattered than 
the tot-movmg ones. It is dear, then, that a given in¬ 
equality m density will produce the greatest scattering 




QO 






_ 10 ^ 


Fig. 25.—Polar diagram of scattering. 

S'™? 

View of the evidence already cited. Thus, in the case 
scattering is least confused by the 
effect of attenuation, we find, as shown in Fig. 26, that 



35 ' ' 4k ' 

Wavelength X, metres 

Fig. 26.—Fourth-power law (results obtained in 1930). 
^?vd2X rapidly with the effective 

wavelength. The theoretical curve proportional to the 
4ih power of A is inserted for comparison. The results 
we m rough agreement. Too close agreement cannot 
be^pected for the case of such a simplified model. 

The effect of mcreasing layer density in increasing 
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the intrinsic scattering is also accounted for by this 
theory. We have, in fact, succeeded in theoretically 
killing the two birds with one stone. The maximum 
scattering should be in regions where the group velocity 
is a minimum (other things being equal). 

In the experiments considered we are dealing with 
wavelengths so short that at the time (2300 G.M.T.) 
the layer is nowhere over-dense for such waves, and tte 
group velocity never zero. In such a case the condition 
that o > A can be maintained, and we can deduce that 

E oc l/U*. _ . , . 

Now the maximum density in the different grades is 
approximately known. Taking a given wavelength, we 
can determine corresponding to a given ^ade, and 
hence compute the relative intrinsic scattering inten¬ 
sities for the different grades. With the denser grades 
B-C the group velocity will be less, and the scattering 
greater, than with the less dense grades C' and D. We 
have here the explanation of the increasing scattering 
effect of the denser grades as observed. 

In Fig. 24 curve A represents the relative scattered 
intensity calculated in this way for a wavelength of 34 m, 
and curve B represents the mean observed variation of 
scattered intensity with grade for the two stations Bodmin 
(GBJ) and Grimsby (GBI). These two stations, working to 
the south and east, areleastlikelyto sufferfrom the irregu¬ 
larities that may occur in regions to the north and west, 
which fall within the more magnetically disturbed areas. 
This model is able to explain the two main features of 
the observed scattered intensity, when undisturbed by the 
effect of attenuation. With extremely short waves the 
effect of scattering should be small (except for small 
deviations). The irregular echoes (of small deviation) of 
comparable intensity with the main echoes would thus 

be explained, , 

What happens at the other extreme of wavelen^hs 
is difficult to say. Experimental evidence is lacking, 
although a certain amount of scattering is indicated on 
the 120-m facsimile tests. 

The analysis above is no longer applicable in this 
range because A may tend to oo, and the conditions will 
no longer hold. Effects of polarization will have to be 
taken into account, and if the wavelength becomes large 
compared with the mesh—as it may be caUed—(i.e. the 
mean distance between scattering centres) regular 
reflection or refraction will supervene. The effects 
of attenuation will become more marked, tending to 
blur the effects of scattering. The effects of scattering 
in such regions will be much more difficult to observe 
because there is no dead zone or skip zone, and 
scattered signals will be drowned by the main waves. 
Attempts to observe scattering with an Adcock direction- 
finding aerial on the 100- to 300-m region have failed, 
possibly for this reason. The complicated echo forms 
observed by de Mars, Gilliland and Kenrick may possibly 
indicate scattering in this range of wavelengths. 

The obvious test of the theory is the comparison of 
the smaU-angle scattered signals with the back-scattered 
radiation. This comparison is, however, difficult to 
make because it is practically impossible to free the 
forward scattering from the effect of the main ray. 

There are, no doubt, other alternative explanations 
of scattering effects, but the author has not found any 


that account for the facts so well—^not one so generally 
in accord with the physical ideas of the general structure 
of the Kennelly-Heaviside layer. With regard to the 
manner in which the hypothetical clouds are produced, 
we can only venture the suggestion that the corpuscular 
ionization of the lower layer is irregular in both time 
and space. Extreme irregularities in ionization are 
exhibited in auroral displays, and it is not unreasonable 
to suppose that something of this kind, but on a smaller 
scale, produces the normal scattering clouds. 

The apparent connection between scattering and 
magnetic activities then naturally follows. 

PART (4). THEORY. 

In Parts (1) and (2) of the paper the material derived 
from the facsimile and intensity measurements was 
discussed. By analysing this material we have formed 
a very definite, if not detailed, picture of the nature of 
short-wave transmission, and of the general features 
of the Kennelly-Heaviside layer. The picture of the 
latter is lacking in definition. The evidence discussed 
only applies to particular times and places. A complete 
picture would require much wider knowledge—a know¬ 
ledge of the constitution of the conducting layer at all 
times and places. A sufficiently definite model of the 
Kennelly-Heaviside layer has, however, been obtained, 
from which, if correct, the main features of radio trans¬ 
mission should be deducible. 

A physical picture of the processes of transmission is 
obtained by a consideration of the subsequent behaviour 
of the waves sent out by the transmitter. Let us con¬ 
sider, then, what happens to the waves after leaving 
this. In Fig. 3, T represents the transmitter and E the 
surface of the earth, while the Kennelly-Heaviside layer is 
represented by H. The waves leave T in all directions 
with intensities varying with the direction. Any wave 
at an angle of elevation 6 can be considered to produce 
a secondary wave by reflection, refraction, or whatever 
it may be called, at the Kennelly-Heaviside layer, the 
phase and amplitude of the secondary wave being deter¬ 
mined by the nature of the layer. The wave reaches 
the earth and is reflected again, and produces a zigzag of 
reflections between the earth and layer, of which we have 
a very concrete picture for short-wave transmission. 
If we fix our attention on a point some distance from 
the transmitter, the electromagnetic state is a medley 
of waves travelling in all directions, a state of confusion 
from which it would appear very difficult to make any 
calculated predictions. But there is really a certain 
amount of order in this state of confusion, and perhaps 
a simple example will be the best way of illustrating it. 

A transmitter between two perfectly conducting planes, 
a distance h apart, is a very simple example of the above 
condition. The repeated reflections, as has often been 
explained before, can be represented by the effect of a 
series of images at a distance 2h apart, and the electro¬ 
magnetic state in the region between the two layers is 
that produced by the row of virtual images. Now at 
great distances this row of virtual transmitters acts very 
similarly to a vertically stacked aerial. 

If the height h is so small that the spacing between 
any two adjacent aerials is less than a wavelength, then 
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the whole behaves as a multiple aerial of the Franklin 
type, for which the transmission characteristics are well 
known, and the energy is wholly confined to the hori¬ 
zontal plane, the transmission in other directions being 
reduced to zero by phase cancellation. 

It follows that where the height of the layer is < |A, 
the resultant of all the complicated wave directions is 
horizontal, and we have a cylindrical wave transmitted 
horizontally between the two layers. 

The confusion of other waves transmitted in various 
other directions disappears by phase cancellation. When 
the distance between the layers is greater than the 
effects are more complicated, but the solution develops 
on the same lines. Thus we still have a horizontally 
transmitted wave of the cylindrical type, but in addition 



there are other favoured directions. These can easily be 
derived from the geometry of the system as follows: 
The rays (see Fig, 27) from the various imaginary images 
to a point situated at a great distance away from the 
transmitter are all very nearly parallel. Starting from 
R, for instance, we draw a line at an angle of elevation 6 
which cuts the row of images at S^, say. The directions 
of the other rays, from R to etc., are prac¬ 

tically parallel to RS^. If now the distance S = 2^sin 0 
is equal to a complete multiple of the wavelength, the 
e.m.f.^s from all the images near are in phase, and 
therefore cumulative, so producing a finite effect at R, 
The condition is that 


or 


nA == 2^ sin 6^ 

sin 6^ = where n is an integer . 


(70) 

This relation defines one of the possible directions. 
The numba: of possible directions is finite, since 
sin0<R 


If nj is the greatest integer which makes njXl(2h) < 1, 
then is the number of possible ray directions, or 
Eigen values,^' as we may call them on account of 
their connection with the quantum theory.* 

This analytical result is not peculiar to this particular 
example. In all the cases of transmission between 
layers a set of Eigen values appears, and all that is 
necessary for their approximate determination is a 
knowledge of the change in phase and amplitude on 
reflection at the layer, whatever it may be. 

The analysis given is of a rather elementary nature, 
but it is satisfactory to note that various mathematical 
investigations employing the wave theory with full 
analytical rigour exhibit the solutions in the form of 
a sum of terms, each representing a wave with an 
accurately defined direction 0^, in fact a series of 
Eigen waves of the form 


1 2774 » 

1 “^cos 0^2;— 


. . (71) 


Watson’s theory of the transmission of waves round 
the earth is a particular case, and the solution found 
by him is the sum of a finite number of “ Eigen 
waves ” of this t 3 q)e, this number being the integer 
just less than 2^/A, exactly as in the case of the plane 
layer. 

The definiteness of the Eigen values is probably marred 
by irregularities in the height of the layer, attenuation 
etc. 

A final steady state is also assumed, and transient 
phenomena may modify our conclusions. They never¬ 
theless form a very real picture of the resultant effect 
of the criss-crossing waves in the region between the 
layers. 

An analysis of this form applies throughout the whole 
radio gamut from the shortest wave that has a world¬ 
wide range—say 8 to 9 metres—-to the longest. The 
picture thus obtained differs very considerably from the 
normal picture of short-wave transmission, in which the 
energy is transmitted along the geometrical rays—a 
picture which, we have seen, explains the observations 
very closely, and for which theire is plenty of experi¬ 
mental justification. The question arises: Gan these two 
views be reconciled ? 

For this purpose let us examine more closely the 
short-wave case as expressed in the Eigen function theory. 
We have seen that the field is expressed mathematically 
as the resultant of a number of waves travelling in 
definite and discrete directions. The number of these 
discrete directions is finite, and of the order of 2;i/A. 
Now h may be 350 km for waves of the order of 20 m, 
so that 2fe/A is of the order of 2 x 350/0 • 02 = 35 000. 

From the point of view of computing the field, this 
theory is of very little use. The resultant effect of these 
35 000 different contributions is at first sight as difficult 
to compute as the original medley of criss-crossing 
wavelets. 

Some further simplification is necessary, and this 
simplification leads to the ordinary ray theory. Thus 
if we exainine the constitution of a ray, we find that it 
is analysablo into a series of plane waves of slightly 
* t.JU Eckerslev: Proceedings of the Royal Society, vol. 132 , p. 83 . 
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different wave-normals.* Thus, for instance, the 
expression 

. (72) 

where In ^ is very small, considered 

as a function of x or y, can, by a suitable choice of the 
term An, represent a hump with maximum at a? = 0, 
and the same for 2 / == 0, and for all points on the locus 
of IqX + == 0, so that the resultant is a ray travel¬ 
ling along the direction -1- = 0. Thus a group 

of plane waves travelling in directions slightly dispersed ; 
about ZqWq produces a ray, and the converse is also 
obviously true. Now the original Eigen-value solution 
consists of a large number of plane waves of slightly 
diflEerent directions, and these can be built up to form 
rays. In any actual case, where reception takes place 
at E, say, the Eigen solutions will only sum up to form 
rays along those directions which in the ray theory 
join T and R with such rays. Thus the addition of all 
the appropriate Eigen functions for any particular case 
will form the geometrical rays of the ray theory.* It 
might be asked what is the use of deriving such well- 
known results in such a clumsy way, and the answer is, 
of course, that it indicates very clearly the failure of 
the ray theory for the longer waves. According to 
the above, the ray is more and more sharply defined 
as the difference in direction of any two adjacent 
wavelets becomes vanishingly small; or, put in another 
way, as the bundle of directions is contained in a vanish¬ 
ingly small angle, or again as the number of Eigen 
values tends to 00 , which it does as A -> 0. As A in¬ 
creases, the possible Eigen values become fewer and 
fewer, and the rays less and less sharply defined, and in 
the limit where the height h is only a few wavelengths 
the ray formation is entirely lost. In this we have the 
justification of the statement that the ray theory is not 
applicable in the long-wave range. 

The transition region between the two classes of 
waves, i.e. those for which ray methods can be used and 
those for which they cannot, is, it will be observed, not 
sharply defined. It is therefore difficult to set a limit to 
the region of applicability of geometrical optics. 

Apart from these considerations the Eigen-value theory 
will often give, by a simple method, the attenuation 
characteristics of each of the proper waves of which 
the ray is built, and therefore of the composite ray. 
This is often of considerable value, and, in general, 
avoids clumsy integration of the attenuation along the 
ray path. The characteristic Eigen values are defined 
essentially by the same methods as those which deter¬ 
mine a ray, where such a ray can exist, and apply to 
cases where such rays cannot exist, for Fermat's method 
of determining a ray path provides that the path is such 
that the change of phase at the receiver is stationary 
for an infinitesinial change of path, and the proper 
directions are defined as those for which a group of 
reflected waves arrive in phase. The constant phase 
condition is common to both, and covers the deter¬ 
mination of both proper directions ^d rays, where 
■ .suchexist. ^.■\- 

* P. S. Epstein; Procfigdmgs of the Nation^ Academy of Sciences, 1930, 
'vol. 16. 


The physical ideas which are the basis of the phase- 
integral method, and which determine the proper values, 
are really very simple, even in the general case. To 
simplify the matter still further, consider a region where 
the gradient of electronic density is wholly in one direc¬ 
tion—^let us say vertical. Where the gradients of density 
are not too great, so that the change of V/c is a small 
fraction in a wavelength (in the medium of the waves 
considered) the electromagnetic state, i.e. the solution 
of the equation of propagation, can be put in the form 
where represents the phase of the wave at any 
point, and 

• • • ('^ 3 ) 


where 


n = sin d, 

6 = angle of elevation of the ray, 

Vq = critical frequency at a height z, i.e. <? 

V = actual frequency, 

— (vo/i^)] = refractive index. 


(74) 


This relation may be derived directly from the differ¬ 
ential equation, where gradients axe assumed small, or 
from the more usual ray theory. It is simpler, as a 
matter of fact, to use the differential equation. This is 



when E is of the form 


e ^ 


X Ei . 


(76) 


Supposing Ej, is of the form then the differ¬ 

ential equation for S (neglecting as we can when 
the gradient is sufficiently small) is 



. . . (78) 


It will be observed that the phase 

is hot a single valued function. The integral is only 
real between two adjacent roots of 
Let these be and % The physical meaning of this 
is that the ray is confined to the region between and 
Z 2 Outside this region the medium is over-dense for 
rays of initial angle 9 (sin d = n) and there is no pene¬ 
tration. 

Now the difference in E at any two points A and B 

within this region .^3^ 

e .... (79) 

but there is a certain ambiguity in this expression, for 
the quantity under the root sign, which let us call 
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may be taken as either positive or negative. The two 
values correspond to the phases of the resultant upgoing 
and downgoing waves respectively. 

If we make the convention that when VS passes 
through zero it changes sign, then, integrating from 
A to and back on the downward branch from to A, 
we get the difference in phase of the upgoing and down- 
going waves at A. But similar considerations apply 
at Zg, where again zero, so that if we integrate on 

the up-branch from A to (V? positive), on the down- 
branch from ZjL through A to Zg negative), and then 
from Zg to A again (\/^ positive), we arrive back on the 
phase of the original upgoing wave at A, and at the 
original value of E. 

But since 


then 


where 


^ = e A 






. /•^2 

, , / , 27ri 

A Jz, 


^2 


dz 


= ±V[n^ - ± vt 


(80) 

(81) 


Now the sum of these integrals, i.e. from A to Z, 
(positive branch), Zj to Zj (negative branch), Zg to A 

--Q__ 


--Z, 

Fig. 28. 

(positive branch). Zg to Z^ (positive branch), and Zj to 
Zg (negative branch), is independent of the position of A, 

and is usually represented as ^here 

the integral is taken round the branch points Zj^Zg. 
Kow since 




(82) 


T« 1 

c 


of density are everywhere small, or, as it may be more 
accurately expressed, 

£. 

dl^ 

where is distance measured in wavelengths in the 
medium, and the differential is taken along the maximum 
gradient of F. In many cases of long-wave transmission 
this condition is not satisfied in the medium, which is 
sharply graded (compared with A). But where we are 
dealing with the transmission in the region between such 
a layer and the earth, it is still possible to use the phase- 
integral method if previously we know the phase-change 
at reflection at any angle. 

Let 8^ be this phase-change. 

In the region between the earth and the Kennelly- 
Heaviside layer N is zero, and the contribution to the 
phase integral is 

tJ.”* 

The contribution to the phase integral at reflection is 
8(f>, and from A- to 0 again we have a contribution 


The total is therefore 

^Tri 

2 X ^ J Tidz -}- iS^ 

8<f>, of course, includes the amplitude change, and there¬ 
fore the phase-integral condition is 


• ndz 


'-^2nh - 1 - = 27ris 


(84) 


where ^ is an integer. 

This is really the '‘flat earth condition/' When 
taking account of the curvature the condition becomes 




(85) 


where 


»• = i?o + -^ 


where r is any integer. 


27ri 

— {vyv^Jj^I^dz = 27Tri 


(83) 


This is the phase-integral relation which determines 
the special values of n. 

Examples of the use of this method are given in a 
previous paper* by the author. These examples can be 
worked out in any case where the phase integral can 
be evaluated. 

In the previous paragraphs we were concerned in 
every case with vertical distribution of ionic density in 
which the simplifying condition holds, i.e* t^ gradients 

♦ Proceedings of thf Roytd A, 1931, vol. 132, p. 83. 


determining unique values of n, which when substituted 
in 

A cos {(?^ -I- \)d — J7r}/V(2 sin d) , . (86) 

give the proper functions for the spherical case. 

The first is generally sufldciently accurate for the 
Mgher-angle values of n, and the attenuation derived 
in the simple flat-e^h case is generally very close to* 
that derived by the more complicated formula. 

Attenuation. 

The phase-integral method leads, in the general case 
when a is small, to the same expression for the attenua¬ 
tion of a ray as is given by integration of the attenuation 
along the ray. 
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Starting from the general expression 


f • • • • 


then when the effect of attenuation is taken account of 

(v^)2 = ^^l+«)=-^ . . (88) 

where a is the factor which gives the attenuation, and 
is vJi'JTv), Vq being the collision frequency and v the 
actual frequency. We will suppose that a is a small 
quantity, and of course a function of 2 , and we can 
therefore represent it as ag. 

Now. 

- iv+fej]* “ H"’ - 

and remembering that ag is small, and neglecting o? com¬ 
pared with 1, we get, for the phase-integral condition. 




We will suppose that n, the direction cosine of the ray 
(relative to the z axis) has a small imaginary part which 
of course measures the attenuation, so that n = -h ihriQ, 
Then the equation splits into two, one for the real and 
one for the imaginary part of n, i.e. 

. . . (90) 

and 

J J (91) 

From the first we get the proper values (when we know 
the distribution function i/q). For the attenuation co¬ 
efficient in the direction y (along the ray) we require 
the corresponding value of 8m, where m is the direction 
cosine in the 2 /direction, and since 


,d2=rA . (89) 


1 


wSm = — nhn 


and 

therefore 

nif. 


-^Sn 

mn 




"0 


— (>|/»^)] cv'[l — (i'§/»'®)] 


where ds is an element of the path, therefore 
d2/-v/[«^-(i'o/v®)]=c87’,, where 8Tg is the time a group 
takes in travelling the path Ss, so that 

8m = J_ | / y (94) 


where Tn 


time taken by the group to travel 


along the path AB (a complete cycle). 

Now { 27 rlX)Biny is the total attenuation along the 
path AC (see Fig. 29). By the ray theory the actual 
time Tg taken by a group to travel along the path ABC 



COS 

COS 02 = ?7^ 

B 





' Oa 

— y ^ tcZq cos 02 

C 


Fig. 29. 


is the time taken by light to traverse AB^C, so that 
cTg =5 ABj -1- BjC and m^cl^g = AC = 2/- 
Therefore the attenuation between A and C is 


= yS- • ay, ' 


This is 


\vg-ldTg 


vlATg 


where is the collision period. 

In the case of a uniform medium, integration along 
the ray gives 

l^Tg 

Total attenuation =-I— . . . (97) 

V ^ Tc 

which is essentially the same as the above. 

The foregoing analysis, as in the previous case, refers 
to transmission in media where the change of F/c is 

small in a wavelength A (in the medium). 

Now in any case where the ray penetrates at normal 

incidence to regions near the critical density, A oo , 
and the above conditions cannot be fulfilled. It is, 
however, to be remarked that in the cases worked out 
rigorously by taking the solutions of the differential 
equations of transmission, the computed attenuations 
agree with those calculated by the phase-integral method 
(so long as a is small). 

The two examples are:— 

(1) A.uniform gradient of Noc z. 

(2) A gradient proportional to the height, Ncjc 2 ^. 
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We have proved the equivalence of the phase-integral 
method and the ordinary ray method as regards attenua¬ 
tion. Furthermore, the equivalence between the proper 
values and rays was discussed on page 445, where it was 
indicated that the rays of the ordinary ray theory could 
be built up of proper solutions. An illustration of this 
effect may give point to these considerations. 

The rays of the ray theory are made evident in experi¬ 
ments, not by the optical method of locating them by 
means of a sharply directive receiver, but by inferring 
them from the time of arrival of pulses which are pre¬ 
sumed to pass along the ray paths, because the delay 
time of such pulses is consistent with such inferences. 

If now we can show by an example that the sum¬ 
mation of a series of proper values appropriate to a 
given case gives rise to pulses whose time of travel 
equals that calculated by the ordinary group-velocity 
ray theory, then we can demonstrate the equivalence 
between the ray and proper-value theory. 

The exanaple is, in the nature of things, mathematical. 
The full details will, it is hoped, be published elsewhere. 
It is one in which the density is proportional to the 
square of the height. 

The proper values for such a distribution are well 
known. Without going into details, we get for the sum 
of a number of these proper values an expression 








where v is the frequency, and 2^^ is the height at which 
the density reaches its critical value for this frequency. 
Hf{x) is Hennite’s pol 3 moinial of the order r for the 
argument x. 


\czqJ 



The factor that interests us is the first, which repre¬ 
sents a very sharp peak in intensity travelling vertically 
at the group velocity cV[l - («^/2o)]» and takes a time 
t == ttZq/o to reach the apex of its path and return to 
earth again. This is the correct group time for such an 
example.' ■ 

ray, also, may be represented by summing up a set 
of proper solutions. It is expressed by a function which 
has a sharp peak at the locus is == 2 ^ sin d sin s//(cos dz^), 
which is the locus for the ray path calculated by ray 
methods. This is shown in Fig. 29. 

The meamng of this is clear. The proper solutions, 
determined with close approximation by phase-integral 
methods, can be added together to represent the rays 
, ordinary ray theory in cases where 

the gradient is smaE enough. The proper solutions are 
accurate solutions of .the differential equation. It is 
therefore shown that the rays and groups of the ordinary 


theory are the approximations formed by a set of proper 
solutions in such a case. 

These results illustrate the equivalence of the two 
theories. The value of the phase-integral method, then, 
lies in the fact that mathematically the phase-integral 
relations are much more straightforward than the deter¬ 
mination of the attenuation piecemeal by computing it 
bit by bit along the path, and they can he applied to 
long-wave cases where rays lose their sharp-cut definition 
and are inappropriate to the problem. 

The failure of the ray representation can be attributed 
to the insufficiency of a number of proper values to 
build up a well-defined ray. This is especially the case 
in the E layer (below which long waves are confined) 
where the transition to the critical density (where there 
is no attenuation) on a 10-km wave is about 0-1 km, 
i.e. 0*01 wavelength. 

Attenuation still further destroys the ray formation 
in the layer, since the energy diffuses outside the bound¬ 
aries of the ray. 

The author thinks that it may confidently be asserted 
that in the layer itself, when a > 1 and the gradient 
is sharp, the fiow of energy is not along rays, in the 
normal sense, and that even in the region between 
the earth and the Kennelly-Heaviside layer any rays 
that might be formed, by sharply directive projectors, 
for instance, are very ill-defined, and are inappropriate 
to give a mental picture of the mode of transmission. 

In discussing transmission, then, so long as we confine 
ourselves to the short-wave range, say < 100 m, where 
a « 1, the ray theory is adequate, with certain excep¬ 
tions. These have been clearly stated by Hartree.* 

The points on which the ray theory does not give an 
adequate account are enumerated below. 

(1) Geometrical optics axe inadequate to deal with 
propagation in a medium where there is an appreciable 
change of refractive index in a wavelength (in the 
medium). This occurs in the radio case where the 
waves penetrate to regions in which the density is near 
the critical value. 

(2) The ray theory is inadequate to give account of 
the partial transmission through a thin over-dense layer. 
According to the ray theory, the ray is either completely 
reflected or completely escapes. It is an all-or-nothing 
effect. The true wave theory indicates that instead of 
an abrupt transition between these two cases, the process 
is gradual, so that we may get a partial reflection even 
where the angle is greater than the critical angle for 
reflection* This may affect the numerical calculations 
for the maximum layer density derived firom facsimile 
measurements. 

(3) In a stratified medium, waves polarized in and 
perpendicular to the plane of incidence are transmitted 
differently, and^ the ray theory takes no account of this 
difference. 

(4) The ray theory is modified by the effect of attenua¬ 
tion, which allows energy to diffuse into regions which 
the ray theory forbids. 

Apart from these effects, however, the geometrical 
tracing of the rays and the attenuation of these when 
a is small can be adequately treated by the methods 
of geometrical optics. 

J^oceeiings of the Royal Society, A, 1931, vol. 131, p. 428. 
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With the mathematical method just described, and 
the model of the Kennelly-Heaviside layer disclosed in 
the previous section, we have the means at our disposal 
of calculating the transmission form for all waves in the 
radio gamut. We set ourselves this task at the outset, 
and although it is too much to hope that the task can 
be carried out in all detail, the general characteristics 
of transmission on all waves ought to be reproduced 
if the model is approximately correct. 

For instance, we should be able to account for the 
fact that low-attenuation long-distance transmission is 
only possible at the extreme ends of the radio scale, 
i.e. the shortest and longest waves, and that the inter¬ 
mediate waves in the range, say between 100 and 1 000 m, 
are highly attenuated in daylight. We confine our¬ 
selves to daylight transmission so that in the first place 
the extra complication caused by magneto-ionic rotations 
can be avoided. This is justified at least to the first 
approximation, since the longer waves, which are chiefly 
affected by the earth's field, are confined to the regions 
where the collision frequency Vc compared 

with V and with the natural frequency of rotation 
of an electron in a magnetic field. The natural rota¬ 
tion' effects are swamped by the irregular motions 
of collisions. In the lowest parts of the layer Vc is of 
the order of 10’, while is 1-41 X 10«. Perhaps with 
extremely long waves in winter daylight in these latitudes 
this condition no longer holds, as such waves penetrate 
more deeply into the E layer, and the simplified theory 
is hardly adequate, but it may be considered as a starting 
point from which the deviations due to the earth's 
magnetic field can be calculated. 

The short-wave commercial band, 14 to 50 m, has 
already been thoroughly discussed, and to avoid repeti¬ 
tion we may extend our analysis both towards shorter 
waves and longer waves. 

Starting with shorter waves than 14 m, the E-layer 
attenuation decreases with decreasing wavelength. This 
does not mean that signals over a given range will 
increase; this is because the main control of these short 
waves is by F-layer attenuation. 

It is hardly accurate to give a definite mathematical 
expression for this attenuation in the absence of any 
precise knowledge of the density distribution and colli¬ 
sion frequency in this layer, but an expression for this, 
using an idealized model (of the F layer) in which N oc 
and the collision frequency is constant, will epitomize 
the changes likely to occur. 

The attenuation formula in this case is 

sin® 0/[cos 6 ( 2 h+ 7 rzQSin ^)]x^ (100) 

where is the depth of penetration of the wave con¬ 
sidered, 0 is the angle of elevation, ^ is the height of 


frequency, becomes less. One would expect, then, the 
F-layer attenuation to increase gradually with decreasing 
wavelength. 

The total attenuation, and the form of the a, v curve, 
will depend on local time, season, and latitude, in a 
manner that cannot be exactly specified without further 
knowledge of the characteristics of the F layer, but the 
main characteristic will be a slightly increasing F-layer 
attenuation or, perhaps, nearly constant attenuation as 
the wavelength is reduced towards the short-wave limit. 
At the short-wave limit even the lowest rays penetrate 
the F layer and escape, and long-distance transmission 
is not possible. 

According to the ray theory this process is abrupt. 
But we have seen that the ray theory gives an inadequate 
account of the partial transmission through, and partial 
reflection at or near, the limiting wavelength. The 
process is really gradual, bus probably abrupt enough 
to be very obvious. These transition phenomena have 
been discussed by Hartree * and H. Lassen, f 

With glancing incidence Lassen computes that the 
transition region for the critical angle is only a few 
minutes of arc. If the critical angle is of the order of 10®, 
this implies that the percentage range of wavelength to 
cover the transition is only of the order of per cent or 
less, so that to all intents and purposes the transition 
is abrupt. 

The wavelength at which the transition occurs has 
already been discussed. It depends on the mininium 
density of N on the route, and hence on the local time 
and season. For these latitudes for a route in the 
A grade the minimum wavelength is about 9---10 m. 

In the ultra-short wave-band below this, we are 
dealing with the surface ray alone, which is determined 
chiefly by the geometrical optics of the visual range. 
It should be noted that some residual energy spreads 
into the geometrical shadow region. Its amount can 
be calculated by suitable diffraction formuke. 

G. N. Watson, Macdonald, Love and Nicholson have 
given such formuke. In the most explicit, however 
(Watson's as amplified by Van der Pol), the exponential 
decrease is given in a form independent of the resistivity 
of the earth. 

This is correct for waves which are long enough or 
of sufficiently high earth conductivity. Recently the 
author has been able, with the help of the phase-integral 
method, to derive the exponential factor in such a 
manner that the correction for earth resistivity can 
readily be incorporated. With a value of a* about 
resistance effects begin to be appreciable for waves under 
3 km. 

This matter is of importance in considering the trans¬ 
mission ranges of stations in the broadcast band in 
daytime, where reflection from the E layer is negligible 
and transmission is confined to the surface ray. 


the under surf ace of the F layer, and v ~ l/r = average 
collision frequency. 

So long as h is greater than sin 0, for even the 
shortest waves, this quantity, being nearly proportional 
to z, increases approximately in proportion to the fre- 
q^uency. Part of this increase is discounted by the fact 
that with increasing frequency the average penetration 
increases, and the average value of Vci the collision 


Longer Short Waves. 

In proceeding upwards from the centre of the useful 
and, say 25 m, we reach two definite landmarks, one 
t a wavelength of 35 to 70 m (depending on the local 

♦ D. R. Hartree: Proceedings of the Cambrige Philosophical Society, 1928- 

9. vol. 25. P. 97, and 1930-31, vol. 27, p. 428. . . , -i. -.rvoi 

t H. Lassen and K. F6rsterling; Zeitschrift filr Techmsche Physik, 1931, 
ol. l2. p. 468. 
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time) which marks the dividing line between waves that 
can penetrate the F layer at some angle of incidence 
and those which cannot do so at any angle; the other 
between 100 and 220 m, say, which marks a similar 
dividing line for the E layer. Conditions are not so 
definite here, however, because of magneto-optic effects, 
which may modify these conclusions. 

There is one more critical wavelength which is of 
considerable theoretical, if not practical, importance. 
It is the wavelength at which even the horizontal ray 
penetrates the lower E layer. On account of the 
variation, diurnal and seasonal, of ionic density in this 
layer, it varies diurnally and seasonally. 

It varies between the extreme limits A = 17*5 m for 
midday in midsummer in these latitudes, and approxi¬ 
mately 40 m at late night periods. 

Geometrically, a glancing initial ray which fails to 
penetrate the E layer is possible, but if we make an 
approximate calculation of the attenuation of such a 
ray we find that it is so large that it is unlikely that 
it can be received even over moderate distances. 

In the section on long-distance signal measurement 
and on facsimile we have ignored this ray. We have, 
however, considered the possibility of such a ray in the 
case of the facsimile measurements. It leads, we saw, 
to the smaller values of Tq, which from other internal 
evidence we considered to be unlikely. The justification 
for this neglect in the case of long-distance transmission 
is, as we have said, in the consideration of attenuation. 
We can trace the behaviour of the tangent ray from, 
say, 18 m upwards, in maximum daylight conditions. 

It does not penetrate the E layer, and for wavelengths 
well above 18 m, say 20 m, the conditions may be con¬ 
sidered to conform to the simplified model of the E layer 
disclosed by Appleton’s experiments. In this model 
the electronic density starts to be appreciable at 
^ ~ 82 km, and increases upwards as the square of the 
height above this datum. 

To determine the attenuation, we require the distri¬ 
bution of Vc the collision frequency, as a function of 
the height. This may be obtained from Chapman’s table. 

If (vc)o is the value at 82 km (the surface of separation) 
then {vc)g (where z is the height above this surface) is 
where jy is the height of the homogeneous 
atmosphere. (For conditions in these regions JET = 9 *13 
km.) 

We require also the depth of penetration Zq x sin 0 
at an angle of incidence This, in such a layer, is 
proportional to the frequency, sis shown in Fig. 5 of 
Appleton’s paper.* 

For 20 m, at th6 tangent angle 10®, the penetration 
Zq sin 0 is 26 * 5 km and varies in proportion to the fre¬ 
quency. At 100 m, for instance, it is 6*3 km. 

Usmg the phase-integral method, and neglecting the 
earth's curvature to the first approximation when h is 
smaE, we get the following expression for the attenuation 
coefficient:— 




^gpsin^# 


cos 5 {2h 4- w^p Sin d) ctc 


( 101 ) 


so long as a <1, where r© is the mean effective time 
between successive collisions oyer the trajectory followed 

* Pracpfidings of th& Physical Society of London, 1930, vol. 42, p. 32S. 


by the ray. The shorter waves penetrate more deeply 
into regions where Tc is greater and Vc consequently less. 
The mean effective value of I/tq decreases rapidly with 
the frequency. An approximate expression for this 
quantity is obtained by taking the following weighted 
mean:— 



( 102 ) 


thus giving most importance to the values of 1 /tc in 
the regions where N is greatest. 

This leads to the expression [since l/r^ = (l/TQ)e“^/® 
and i/2/j^ = z^/zl] 

where D = Zf,sm d/H . . . . (104) 


Where D is sufficiently small, i.e. sin diH sufficiently 
small, 1/t I/tj. This implies that where the depth 



of penetration is small enough, only those regions are 
tra,versed where t r^, and hence the mean value of 
T is practically tq. The curve showing f(D) as a func¬ 
tion of D is given in Fig. 30. For small values of X» it is 
practicahy unity, but for large values, > 4, it is small 
and varies as l/D*. This is because the. rays penetrate 
the higher regions where is small. 

The first factor 

^g|) sin^ 6 1 

(21i-f wgj sin 0 ) To ' ' ’ 

represents what ihe attenuation would be, did the 
collision frequency not vary with the height. It iUus- 
trates the type of attenuation already described> where 
attenuation and bending both occur in the same layer. 
It is of the fonn Av/(h -i- Bv) and increases with the 
frequency, rapidly when Bv is small compared with 
but more slowly when Bv gets larger. Phirsically the 
increase has been attributed to the fact that the higher- 
frequency waves penetrate deeper and have longer paths 

in the layer, and are therefore more attenuated. 

Taking account of the fact that v* decreases upwards 
the total attenuation actually decreases with itirraaci^g 
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frequency, chiefly because the higher-frequency rays 
penetrate to regions where is so much less that this 
change more than compensates for the increase in 
the first factor. The total attenuation curve is plotted 
in Fig. 31. It is carried up to wavelengths of about 
150 m. The formula does not adequately describe longer 
waves because it is based on the assumption that 

^ 7 = b^e/i'n-v)} is a small quantity, and this assumption 
fails at the longer waves, where a becomes comparable 
with 1. The ordinates represent the decibel reduction 
(on account of attenuation) over a distance of 1 000 km. 


This very large reduction, as calculated, seems at 
first sight rather surprising, but if we consider the 
matter in detail the reason for the large change is quite 
apparent. In Fig. 32 two rays are represented, one just 
longer and one shorter than the critical wavelength at 
which the nearly tangent ray just penetrates the E layer. 

To cover a given distance the former has to traverse 
the E layer nearly 3 times as often as the latter. The 
attenuation on each traverse is considerably greater with 
the first than with the second. This is because the first 
traverses a long horizontal path at regions of the maxi- 



Fig. 32. Comparison of two rays; drawn approximately to scale. 

A. —-Just penetrates E layer. 

B. —^Just below critical angle for E layer. 


It is to be observed that even at the shortest wave 
(about 20 m) it is large, so that no appreciable long¬ 
distance transmission can be carried out by such rays. 

A very rapid decrease in attenuation of the tangent 
ray occurs as the wavelength is reduced below the 
critical value of 17*5 m. It penetrates the E layer, 
and is transformed to one of the low-angle rays which 
is responsible for long-distance transmission. 

The attenuation of such a ray, which is sufficiently 
below the critical value to proceed approximately with¬ 
out bending in the E layer, has already been calculated 
[see page 434 of Part (2), where the E-layer attenuation 
was considered]. It is represented by the point A in 
Fig. 31 for 16 m. 


mum attenuation where N is near the critical density, 
and hence the overall attenuation of the first ray is 
very much greater than that of the ray which penetrates 
the layer, and which for large portions of its path is in 
high regions, where the attenuation is relatively small. 

Thus when the tangent-ray attenuation curve (Fig. 31) 
is extended to shorter wavelengths than the critical one, 
there is an almost abrupt large reduction in the attenua¬ 
tion, which is still further reduced in proportion to 
as the wavelength is decreased. The curve is therefore 
represented with an abrupt fall at C and continues 
along the branch of the attenuation curve appropriate 
to long-distance E-layer attenuation. 

Similar curves can be drawn for higher initial angles 
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of elevation. They do not reach their critical values 
until greater wavelengths are approached. 

At such critical waves the attenuation abruptly in¬ 
creases to a value appropriate to the transmission of 
such rays as do not penetrate the E layer. 

It appears that for long-distance day transmission it 
is necessary for the ray to penetrate the E layer. At 
night the minimum critical wave of this t 57 pe is probably 
outside the normal working range for long-distance 
transmission (10 to 40 m), and normal transmissions are 
not complicated by this effect. 

For any given wavelength above 17*5 m there is a 
critical angle for penetration of the E layer. 

This angle/wavelength relation is also shown in Fig. 31 
(curve B). Rays of angle less than this are useless for 
long-distance transmission. This may have certain 
practical consequences. If any engineer, going to 
extremes, were able to construct an aerial which confined 
all its radiation to less than this critical angle, he would 
Toe iU rewarded for his pains, for he would find that the 
energy radiated was useless for long-distance trans¬ 
mission. In the range of wavelength where long¬ 
distance daylight transmission is possible, say up to 
30 m as an ex-beme, this vertical angle is so small that 
such an achievement is, if not impossible, very unlikely. 
On 25 m this angle is of the order of 9®, so that the 
angle of projection should be greater than this. 

During magnetic storms the consequences of this effect 
may be serious. The density of the E layer may be con¬ 
siderably increased. For a given wavelength this will 
make the critical angle much greater (and also the 
attenuation of any rays which are below the critical 
angle). On the ottier hand, in such conditions F-layer 
attenuation sets in, which makes it necessary to use as 
low an angle of projection as possible. It is conceivable 
that the useful rays, i.e, those which penetrate the 
E layer, are still at such a high angle that they are 
severely reduced by F-layer attenuation. A reduction 
in wavelengths at such a time may be useful. 

JExtension to Long Waves, 

We have drawn our tangent-wave attenuation curve 
as far as 160 m, where the attenuation shows signs of 
beginning to drop. 

The region where a is in the neighbourhood of 1 is a 
transitional one, but even in this case the phase-integral 
method gives an answer to the question: ** What is the 
attenuation for waves of different incident angles?'' 
The formulae are very complex, but become simpler 
again where we can assume a » 1. 

In any case where the rays are wholly confined below 
the E layer, as they are for all wavelengths greater than 
about 160 m iii daytime, the attenuation increases 
rapidly ydth the wave angle, so that in practice we 
axe confined to the tangent-angle wave. For wave¬ 
lengths of 400'm and upwards we may assume [A/(27r2;Q)]\/a 
not less than 1 in the region where the waves penetrate, 
and we have a simple form for the attenuation of glancing- 
angle waves. To determine it, it is only necessary to 
know the reflection coefficient of the layer. If we 
assume that A/(27r2;o) is sufficiently small, zq in this case 
being the depth of penetration multiplied by 's/a, 
which may be a large quantity, we can extend a result 


given by Hartree,* in which the change in phase (in¬ 
cluding amplitude-change when a is complex) is 

■ ■ ■ <“«) 

Using this value, we obtain for the attenuation 

2-v/(2c). cos ^ ’ 

where ( 2 q)xj is the effective penetration at a wavelength A^, 
and (zq)x^Xi is a constant. 

It will be observed that it decreases rapidly as the 
wavelength increases. Ve can be considered to be 
approximately constant, since the depth of penetration 
is small compared with h. This branch of the c.q,ttenua- 
tion curve is continued along DE. ^ 

It is possible to calculate other models. Thus, tOx 
the case in which N increases upwards exponentially,^**^ 
the reflection coefficient has been calculated by Elias.f 

If the inductivity at a height z is irQ(l — Tje^^/^o) 
the reflection coefficient for vertically polarized waves is 

27720 sin 6 

e .( 108 ) 

Using the phase-integral method, we have 

^ = . . . . (109) 

where vf) is the value of at the surface of 

separation. 

The reflection coefficient of a layer with uniform 
gradient has also been considered. 

All the examples worked out have the following com¬ 
mon characteristics:— 

(1) The attenuation is some inverse function of the 

gradient of electronic density, so that the less 
the gradient the greater is the attenuation. 

(2) The attenuation is in every case inversely propor¬ 

tional to the height of the layer above the earth. 

(3) The attenuation in each case varies inversely as 

some power of A. The longest waves are least 
attenuated. 

(4) High-angle waves are in general much more 

attenuated than glancing-angle waves. 

(5) The attenuation decreases with increasing ionic 

density (increasing everywhere in the same pro¬ 
portion). 

(6) The attenuation increases with increasing collision 

frequency. 

The characteristics of long-wave daylight transmission 
are included in this category, but modifications to the 
form appear when the wavelength is so long that the 
transition region in the layer is comparable with, or 
small compared with, the wavelengths. Further investi¬ 
gation of such cases is required, and the transmission 
of vertically and horizontally polarized waves is different. 
Nevertheless, the curve is continued along A at a slope 

* Proceedings of the Royal Society, Jk, 1931, vol. 131, p. 144. 
t EleMriscke Nachrichten-Technik, 1931,'vol. 8, p, 4. ; 
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of — according to formula. At wavelengths greater 
than 5 000 m, experimental evidence* shows that the slope 
flattens out to — ^ (Austin-Cohen form). This is the 
extreme case where the transition layer can be con¬ 
sidered to be quite sharp. The curve has been drawn to 
fall among the observed points for these regions. The 
characteristics of long-wave daylight transmission will 
be discussed more fully in a forthcoming publication. 

The ultimate attenuation of ultra-long waves is a 
matter of some interest. If we continue the curve with 
the slope — then for waves of 100 000 km or more 
the attenuation appears to become very small indeed. 
Experimental evidence on the subject is wanting. The 
only experiment of which the author is aware was carried 
^'iit by Round and Tremellen. Carnarvon station was 
u^ed to transmit a 40-km wave, and was listened for 


N varies as the square of the height. The types of 
curve are very similar. 

It will be seen that in the case of the very long waves 
the electromagnetic energy may penetrate deeply into 
the layer. In order to get an idea of the effect of 
variation of a with height, the simple case of a lower 
conducting layer a»l bounded above by a purely 
ionically refracting layer a« 1 is considered. When 
the energy penetrates the lower layer it is completely 
reflected internally by the upper layer. In such a case 
the effective resistance of the lower layer is constant 
and independent of the frequency, and the total attenua¬ 
tion is constant. 

Considering the earth and upper layer to be a trans¬ 
mission line on a large scale, then the attenuation of 
waves guided by such a line is where p is the 



by Tremellen in Australia. No signals were heard. 
Owing to the voltage limits of the aerial, the power 
radiated was relatively small compared with that used 
on its normal wavelength. This may account for the 
failure to receive the signals, or perhaps the violent 
atmospherics drowned the signals, but anyhow the 
experiment-—inconclusive as it was—did not suggest 
excessively low attenuation. The author believes that 
there is sound theoretical reason for supposing that the 
curve flattens out and that the attenuation ceases to 
decrease at wavelengths above about 25 km. 

The reason for this is connected with the fact that, both 
in the case of very long waves and in that of very 
short ones, the electromagnetic energy penetrates deeply 
into the layer where a is small or where practically pure 
refractive bending occurs. This was illustrated in Fig. 29 
of the author's previous Institution paper, which shows 
the depth of penetration of waves into a uniformly graded 
medium as a function of the frequency. A similar curve 
(Fig. 33) can be drawn for a transmission layer in which 

* T. L. Eckersley: Journal !.£.£,, 1^25, vol. 63, p. 933. 

VoL. 71. 


resistance for unit length of the outer conductors, i.e. 
the layer. 

In this case the resistance p is constant, and the 
attenuation is constant. With higher frequencies the 
penetration is less (just as with an ordinary conductor 
the “ skin effect " limits the penetration), in which case 
the effective p increases as the square root of the fre¬ 
quency, and we have the ordinary Austm-Ck)hen form 
of exponent, which varies as A""^. Physically, the im¬ 
provement in long-wave transmission is due to the fact 
that with lower frequencies the effective resistance of 
the transmission line (i.e. the upper layer and earth) is 
decreased on account of the greater penetration of the 
electromagnetic energy. This improvement could only 
go on so long as the penetration increases with increasing 
wavelength. 

Since the increased penetration brings the waves into 
a region where a is small and no further penetration 
can occur, the attenuation decreases no further and 
comes to a steady limit. 

These considerations are, however, affected by the 
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fact that in the region where a becomes small, the 
reflection and penetration will depend on the magneto¬ 
ionic effects produced by the earth’s magnetic field. 
The attenuation in this region will then depend on the 
direction of transmission relative to the earth’s magnetic 
held, and on the state of polarization of the waves. 
Incidentally, these penetration curves give a very 
definite meaning to the overall daylight attenuation 
cur\'e shown in Fig. 31. The very considerable peak 
of attenuation for waves in the broadcast band is asso¬ 
ciated with the minimum penetration in this region. 
From the transmission-line point of view, which, how¬ 
ever, is only applicable so long as a is large, this should 
imply maximum attenuation, since on account of the 
small penetration the effective resistance of the layer is 
a maximum. The transmission-line point of view is a 
natural consequence of the application of the phase- 
integral method. ^ 

The task is finished, and, the author ventures to 
tonk, not unsuccessfuUy. The model of the KenneUv- 
Heaviside layer, disclosed by interference, facsimile, and 
signal measurements, has been found adequate to explain 
the mam features of daylight transmission over the 
whole gamut of wavelengths from 9 m to 25 km. 

and filled in. 

ght transmission has been treated in rather a 
summary way. 

The phaselintegral method of attacking the problem 
has been used throughout 

wave! *^® treatment for short 

at ^fi^'^aeteristics has been discussed. 

so oft^^ f' Ti “^g^ieto-optical effects, which 

of wltes So !h T ^°“^ted with the smaU penetration 
oi wa\es into the layer on this band. 

that magneto-optical 
enects are only of major importance at niffht and t^er- 
aps on extremely long waves in the daytime." ^ 


The much more complicated case of night transmission 
remains. On the longer \va\’es we have to take into 
account the direction of transmission relative to the 
direction of the earth’s magnetic field, the state of 
polarization of the waves, and the gradient of ionic 
density. 

This constitutes a problem of very considerable com¬ 
plexity. However, if the reflection coelificieut of tlie 
layer can be found it will be possibly* to use the phase- 
integral method to determine the at^tenuation charac¬ 
teristics of the various possible types of \Vaves transmitted 
over the earth’s surface. 
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by the lower layer and so is not registered. Thirdly, is 
the last recorded ray really the last because all rays of 
higher angle penetrate the layer ; or is it the last because 
rays of higher angle are attenuated too much to be 
observed on the record? This point is important if we 
are to deduce the maximum electron density in the layer. 
The difficulty of answering these questions seems to 
necessitate rather bold and dangerous guesswork, and 
renders facsimile transmission a somewhat unsatisfactory 
means of investigating the Heaviside layer. As regards 
Fig. 5, it may be noticed that a nearly horizontal straight 
line would fit the observations just as well as the lower 
curve drawn; and in Fig. 7 the observed points are not 
shown at all. The author makes no reference to Appleton 
as the discoverer of the upper Heaviside layer. Appleton 
and Barnett* in 1925 raised the accepted height of the 
then only known layer from 40 to 100 km, and the 
first suggestion of a second reflecting layer at a height 
of 250 to 300 km was made by Appleton in September 
1927.t 

ProX. S. Chapman: Despite the difficulties to which 
Mr. Turner has referred, the author^s results concerning 
the nature of the upper layer appear to agree with those 
derived by Prof. Appleton’s more direct method. The 
fact that the results show a great difference from one 
year to another, perhaps owing to the effect of the 
sunspot cycle, is of great interest. It is paralleled by 
the inferences arrived at from terrestrial magnetism as 
to the variation of solar emission according to the 
sunspot cycle. However, although part of the sun’s 
radiation changes very greatly in this cycle, the radiation 
which we receive on the ground and on which human 
life depends seems to be constant. I hope that a good 
deal more information will be derived from radio 
measurements in the future regarding the electron- 
density gradients in the upper and lower Heaviside layers. 
Such measurements would indicate the attenuation of 
the atmosphere with height, and also the temperature 
distribution in the atmosphere. This information seems 
to be obtainable in no other way. 

Mr. G, Millington: I should like to compliment the 
author upon the large amount of valuable information 
he has obtained from experiments which have been 
necessarily rough owing to the fickleness of the Heaviside 
layer. As regards the variation of ionic density with 
local time, a generalized extension of the comparison 
suggested in Fig. 23 between empirical and calculated 
charts shows that the agreement is very good in the 
tropical regions and especially in summer. Although 
the calculation of the charts involves a number of 
assumptions, the general accuracy is amply sufficient 
to show that in addition to that produced by the assumed 
ultra-violet radiation there is some extra ionization in 
the higher latitudes which extends into the polar regions. 
The slide which I propose to exhibit shows a winter 
chart redrawn on a circular projection with the North 
Pole in the centre. The empirical charts suggest that 
the contour lines should all be pushed up much closer 
to the pole, and it is impossible by any adjustment of 
the constants of the theory to make the calculated 
charts fit the facts for all latitudes. Tremellen has 
made some observations in the winter months on the 

* Nature, 1925, vol. 115, p. 333. t I^d., 1927, vol. 120, p. 330. 


signals from various stations to determine at different 
local times whether the stations are inside or outside 
the skip distance. The results obtained so far are only 
of a preliminary nature, and a more systematic series 
of observations is being made for the equinox season. 
We have been able, however, to plot an experimental 
curve giving the variation of ionic density with local 
time at latitude 50® N. and from it to estimate the 
amount of the extra ionization. It appears that it also 
vanes diurnally with the sun, and that the ionizing 
agent produces three times as many ions as the mono¬ 
chromatic radiation which would produce the observed 
ionization at the equator. The forthcoming polar expe- 



Fig. a. 

. .. . . Magneto-ionic theory. 

■> M Formula given in paper. 

dition will be anxiously watched to see whether this 
rather striking value is of the right order. 

Dr, J. HoUingworth: I should like to endorse the 
author’s remarks on page 425 as to the conditions 
necessary for satisfactory observations; but at the same 
time I feel that by starting with a preconceived theory 
one runs the risk of drawing deductions which may 
not be fully justified. In my opinion the value of pure 
statistical methods for dealing with such a complex 
subject is not great. Throughout the paper the expres¬ 
sion ray angle ” is used to denote the angle which the 
arriving ray makes with the horizontal. Physicists are 
more accustomed to deal with the complement of this— 
the angle of normal incidence^—so that it is necessary 
to state the matter very definitely in order to avoid 
confusion. I do not agree with the statement that the 
effect of the earth’s magnetic field is not very serious 
on short waves. In Fig. A I have drawn curves for the 
relation between the equivalent refractive index ju. and 
the ionic density N. The dotted curve is the one given 
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by the formula in the paper, whereas the full-line curves 
are obtained from the magneto-ionic theory as developed 
by Appleton and Hartree. In each case the frequency 
is 6 megacycles per sec., the direction of transmission 
being at an angle of 80® to the magnetic meridian. The 
doubling of the full-line curves arises from the double 
refraction inherent in the magneto-ionic theory. It will 
be seen that the author’s curve agrees fairly closely 
with one branch but diverges considerably from the 
other. While for a general explanation the single curve 
is ample, when it comes to deciding whether a given 
ray will or will not be returned and from which layer, 
the inclusion of the effect of the earth’s magnetic field 
is essential. I am interested in the idea of a “ long- 
hop ” ray (Fig. 10) because I myself have been driven 
to the same conclusion by recent experimental obser¬ 
vations. The chief point on which I differ from the 
author is that of the relative amounts of energy in the 
short and long hops, as my experiments distinctly show 
that the majority of the energy may be returned at 
surprising large ray angles. My results are based on 
the diagrams obtained from a cathode-ray oscillograph 
using closed coils. With this arrangement the cross¬ 
field,” i.e. the one which produces a deflection on the 
cathode-ray tube at right angles to the direction of 
propagation and thus gives rise to the well-known ellipse, 
is proportional to the sine of the ray angle. All my 
observations have shown that the outstanding feature 
of this ellipse is its fatness, a characteristic which can 
only be explained by one of two alternatives. Either 
the horizontally-polarized component of the electric 
field is much larger than the normal vertically-polarized 
component, which seems most unlikely, or unexpectedly 
large ray angles may occur. The former alternative 
can be eliminated by aerial-coil observations, and using 
this method it has been found that on a station at a 
distance of 2 600 km a ray angle of 60® is by no means 
uncommon. 

Mr. G. Builder : I do not think the author’s method 
is suitable fbr investigation of the Heaviside layer. To 
anyone who has seen the complexity of echo patterns 
on shoirt-distance transmissions when there is a groisnd 
wave present, it is surprising that the author should 
have succeeded in interpreting his results. As regards 
the question of nomenclature, the term ” Kennelly- 
Heaviside layer ” is best restricted to ttie lower layer; 
to distinguish one layer from the other Prof. Appleton* 
applied the letters E and F to the lower and upper 
layers respectively. It is necessary to consider other 
possibilities tiian sca-ttering to account for the observed 
results. Last year Prof. Appleton and I came across 
the phenoinenon of the splittihg of an echo into two 
components, and we have ascribed this to the effect of 
the earth’s magnetic field, T^ simple splitting was 
predomiiixmt throughout the sumnaer, and then turned 
gradually into a multiple-splitti^ effect. The two com¬ 
ponents of a single echo each seemed to split, and later 
on in the year the components became very complex, 
causing a smudged ” echo. Working on short-wave 
transmissions of from 86 to 150 metres, the smudged 
echo from the upper layer may last as long as 3 milli¬ 
seconds; considering the distance, this is probably com*^ 
parable, with the duration of the scattered echoes to 


which the author refers. If the explanation of the 
simple splitting of the echo is correct, multiple splitting 
must be a magneto-ionic effect, and it would appear to 
be applicable to some of the American results quoted 
in the paper. Its exact applicability to the shorter 
waves is not at all clear at present. As regards the 
question of whether or not the F layer is stratified, 
there is a suggestion that the F layer consists of two 
strata, the one of greater ionic density being the higher. 
Measurements of the equivalent height of the layer on 
a single wavelength, however, provide no evidence of 
a sudden jump to a higher level. The curve of equiva¬ 
lent height against time proceeds smoothly until such 
time as the electron limitation allows the wave being 
used to penetrate the layer, and no more echoes occur 
until ionization commences again in the morning. 
Turning to the variation of the height of the layer with 
wavelength, the data available provide no definite 
evidence of any discontinuity in the curve representing 
this relation, and consequently there appears to be no 
justification for assuming that the layer is stratified. 
The idea of a lower F layer formed by the ionization of 
nitrogen , and oxygen molecules does not seem sufiSicient 
to account for a layer of greater ionic density than the 
lower E layer. The author gives ionization curves of 
the upper layer in which much of the curve is filled in 
by interpolation, using Prof. Chapman’s theory. During 
the last 6 months Prof. Appleton and I have been 
making accurate determinations of the ionic content 
of the upper layer at short distances, and the curves 
which we have obtained are not generally in agreement 
with those given in the paper—^probably because the 
author’s method is unsuitable for accurate investigation 
of the ionized layers. There is some indication of 
ionization of the upper layer during the night, with 
definite increases in ionization after midnight. The 
values which we have obtained for the ionization could 
just as well be fitted to the author’s results as have the 
curves given by Prof. Chapman. At close ranges the 
echo method is definitely superior in accuracy to fac¬ 
simile measurements. With regard to the term ” critical 
frequency” (page 411), in my opinion the expression 
” critical penetration frequency” would have better 
expressed the author’s meaning. 

Mr. J. F. Herd: It is interesting to find that the 
author is now in complete accord with Prof. Appleton 
in his acceptance of the idea of two layers. As regards 
the measurements described in the paper, the author 
has succeeded in extracting a remarkable volume of 
fact from a mass of somewhat unpromising data. For 
the purpose of ad hoc measurements of layer height, 
ionic densities, etc., it is very doubtful, however, if such 
long-distance observations will ever be able to yield as 
much valuable information as short-distance observations 
which include the ground wave as a rigorous reference. 
It is certain that in a complete, picture of propagational 
phenomena the effect of the earth’s magnetic field must 
be taken into account. Reference has already been 
made in the discussion to differences between polar 
and equatorial latitudes; valuable information on con¬ 
ditions within the Arctic Circle should become available 
from the programme proposed by the Radio Research 
Board in connection with their polar year observations 








ECKERSLEY: STUDIES IN RADIO TRANSMISSION: DISCUSSION. 


457 


which are to begin in August 1932. The systematic 
work proposed consists of the measurement of layer 
heights and ionic densities. The methods used will 
include both the '' frequency-change method due to 
Appleton and the '' short-pulse method first suggested 
by Breit and Tuve. In addition to using the returned 
echoes for determination of heights and densities, it 
will probably be possible to study the polarization of 
the downcoming components. 

Mr. T. L. Eckersley {in reply): My critics appear 
to have overlooked the title of the paper, or they would 
have realized that it is concerned with the elucidation 
of short-wave long-distance transmission rather than 
with a direct investigation of the Heaviside layer. I 
admit that direct study of the Heaviside layer is an 
integral and essential part of the study of short-wave 
transmission, but my firm conviction is that the greatest 
advance can be made by studying each part separately, 
in fact, by analysing each part in the most direct and 
simple way possible. The vertical-pulse method is one 
of the most direct methods of analysis and gives inter¬ 
pretable results, but, unfortunately, it is not the most 
direct method of determining the part played by the 
Kennelly-Heaviside layer in long-distance transmission, 
which employs, almost exclusively, glancing angle rays 
and not vertical ones. In consequence, when the paper 
is considered as an organic whole, and when the first 
section is considered in its relation to the solution of the 
problems in the remainder of the paper, it appears to me 
that the facsimile method is quite suitable in spite of its 
admitted drawbacks, which are pointed out by Mr. 
Turner and also in the paper itself. I question whether 
any alternative is possible. This suitability is made more 
clear when we realize that information given by vertical 
pulses is confined to the behaviour of waves sufficiently 
long to be refracted at normal incidence, i.e. waves 
usually greater than 35 to 40 m, while long-distance 
transmission is practically entirely confined to waves 
shorter than this. If the behaviour of the shorter waves 
can be inferred from that of the longer waves in normal 
reflection, well and good, but in my opinion a more direct 
method is preferable. 

The essential point is this: Does the facsimile method 
supply any evidence which could not have been equally 
well supplied by the normal-pulse method ? It is my firm 
conviction that it does. In the first place, there is the 
question of wavelengths. The facsimile method gives 
effective layer heights, etc., on the required wavelength, 
perhaps not with high accuracy; but in the absence of 
alternative methods the information is of great value. 
Secondly, it gives clear evidence of the normal mode of 
zigzag transmission between the earth and an effectively 
constant, fictitious, equivalent height, which could 
hardly be inferred with equal cogency fronpi the results of 
vertical-pulse measurements. Indeed, Mr. Hollingworth 
still casts doubts on this mode of transmission in spite of 
the evidence. Thirdly, and what is essential from the 
point of view of long-distance transmission, it gives some 
information as to the relative and absolute reflection co¬ 
efficients of glancing-incidence waves. ,I doubt whether 
any inference from the vertical-pulse measurement could 
have supplied either the remarkable evidence of high- 
angle attenuation in the F layer provided by the results 


shown in Fig. 5, or the relative effects of high-angle 
attenuation during magnetic storms, shown in Plate 2(4). 
The analysis of the signal measurements would have been 
difficult, if not impossible, without the aid of the fac¬ 
simile results. Finally, the vast amount of measurable 
material ensures a comprehension of the normal features 
freed from accidental variations, which are such a con¬ 
stant characteristic of short-wave transmission. On the 
other hand, the vertical-pulse method is certainly more 
suitable for determining penetration frequencies and, 
consequently, maximum layer densities. However, when 
confronted with the facsimile material, it was impossible 
to refrain from attempting to analyse it as in the first 
section of the paper; and when due regard is paid to 
accuracy, to which reference is made in the paper, the 
results of such an analysis seem to me to be of consider¬ 
able value, not only in themselves, but as an alternative 
to the vertical-pulse method. 



Note .—Average deviation of points from straight line =s 4 per cent. 

Some further comment on the accuracy of what has 
been referred to as very unpromising material seems 
warranted. Taking two series of echo measurements at 
random from our material, I find that the probable error 
for a set of 13 measurements is 2 per cent, and fora set 
of 9 observations is 2-9 per cent. These values are 
typical. Again, the probable errors of the effective 
layer-height determinations from different ray angles are 
3‘2 and 4-6 per cent respectively. The systematic 
errors due to uncertainty as to the values of tq and n are 
more serious, but such errors have been fully discussed 
in the paper and in extreme cases do not appear to 
amountto more than about 12 per cent, except with very 
glancing rays, the results for which were generally 
rej ected. With regard to the accuracy of the determina¬ 
tion of the night run of the densities, and, consequently, 
the recombination coefficient. Fig. B shows, a typical 
curve of 1 /N plotted against time. It is derived from 
measurements taken on the Somerton, N.Y., circuit in 
October 1928. There appears to be no systematic 
deviation from the linear relation, although individual 
values may differ by as much as 10 per cent, except the 
last, which is 16 per cent in error and is of little weight. 
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The accuracy is not such as would allow the deviation 
(if any) from the linear recombination law to be measured, 
and it is only sufficient to enable a to be determined 
within about 15 per cent. Reviewing the evidence, I 
think we may say that 7 x < a < 10“-^®. 

Considering Mr. Turner's comments in detail, he has, 
in effect, criticized the interpretation of the measure¬ 
ments on the ground that since the distribution of ionic 
density along the path is not uniform the ideal ray- 
geometry assumed may be considerably in error, and 
hence the deductions from this ideal may also suffer. It 
must be remembered, however, that the horizontal 
gradients of electronic density are on the average very 
small, so that any deviation from the ideal geometry, 
which assumes equally spaced hops and equal incident 
and reflection angles, is also very small. I have recently 
been able to calculate the ray paths in a layer which is 
graded both horizontally and vertically. The effect of 
such a horizontal gradient depends, of course, on the 
direction of the ray relative to the gradient. If the 
gradient is across the direction of the ray there is lateral 
bending, for which there is some evidence. If along the 
direction of the ray, the incident reflection angles are 
unequal and the length of the hops consequently varies 
along the path. I have calculated as an example the 
change in the angle of reflection for an extreme case. 
The horizontal gradient being derived from our calcu¬ 
lated and empirical charts of the F-layer densities, with 
an angle of incidence of 60® (elevation 30°) the change in 
the angle of reflection is only 1- 5®, i.e. 58 *6° (elevation 
31 • 5®). A little consideration will make it clear that an 
ideal ray of 59 • 25® incidence differs inappreciably from 
the actual ray. The doubt as to the behaviour of the 
first angle ray and as to its time of travel (Tq) is to my 
mind the most serious objection, but the limits that can 
be set to Tq keep the resultant errors in N within fairly 
well-defined and not too large limits. This has been dis¬ 
cussed in the paper itself, and the margin of error has 
been given. That attenuation and not lack of electrons 
may limit the reflection of high-angle rays, introduces an 
element of doubt into the calculation of maximum 
electronic densities, but this consideration is equally 
applicable to vertical-incidence pulse methods. The col¬ 
lateral evidence for deciding between these two altema- 
natives is, I think, just as strong or even stronger in the 
case of the glancing-angle method (for example, the 
evidence in Fig. 5). It may be remarked that the lower 
curve in this figure cannot lie above the upper (as a 
matter of definition), so; that the lower curve can hardly 
be a straight line. r 

I am inelined tb agree with Prof, Chapman that, con¬ 
sidering the very difierent technique, the general agree¬ 
ment between my results and those of Prof, Appleton, 
as far as I know them, is ifibre remarkable than the minor 
differences, and this gives me confidence that the general 
lines of interpretation of the facsimile results are correct. 
A great deal more qualitative material ihight be cited to 
confirm the rather isolated numerical observations of a 
secular change in the Heaviside layer, whiph probably 
runs in parallel with the sunspot cycle. Such differences 
in the conditions of short-wave transmission are difficult 
to analyse definitely; but they give rise to a general con¬ 
viction that the average density in the F la-yer has been 


gradually decreasing during the last three years, neces¬ 
sitating the use of longer waves, and that the attenuation 
in the E layer is also waning. The changes also appear 
to be more marked in high than in low magnetic latitudes, 
so that possibly the changes are associated with the extra 
ionizing agency discussed by Millington, who shows that 
it is mostly confined to the higher latitudes. 

Mr. Hollingworth never did like ** low angle " rays, 
hence, I presume, his preference for the rigidly defined 

angle of incidence " of the physicists. I doubt whether 
this nomenclature is ever used in ballistics, and I con¬ 
sider the subject to be a kind of electromagnetic ballistics 
in which the angle of elevation is more appropriate. I 
am, however, quite open to conviction, but I hope that 
a better name will be found than complement of the 
angle of incidence," which is pedantically correct for 
the " ray angle." Mr. Hollingworth exhibits a curve 
designed to illustrate how serious it is to neglect magneto¬ 
ionic effects even on the short-wave range. But the 
effect in the case under consideration is by no means so 
important as would appear from Fig. A, and for the very 
reason for which I am blamed, namely, because I use 
low-angle rays. The maximum angles of elevation 
involved are of the order of 30®, in which case /x lies 
between 0*8 and 0*9. Moreover, the frequencies used 
in the facsimile experiments are considerably higher than 
that for which the curve was calculated. For these 
reasons the only appropriate part of the curve is where 
/x>0*8, say, where the difference between the curves is 
small. Also the spread between the two components 
represented by the two full lines is smaller, i.e. approxi¬ 
mately half, for the case of the 22-m transmissions 
(13*6 megacycles instead of 6). For these reasons I do 
not consider the magneto-ionic effects to be of much 
importance in my experiments. This illustrates one of 
the advantages of the facsimile methods. The magneto¬ 
ionic corrections are practically negligible and only 
become of importance for normal incidence. I confess 
that I fail to understand Mr. Hollingworth's point about 
the high-angle long-hop rays. The maximum angle of 
elevation is practically the same for the long hop as for 
the multiple reflected ray. The fact that high-angle 
radiation of, say, 60® is observed does not necessarily 
imply that it has come by the long-hop path. In 
accordance with Fig. 11, a span of 2 500 km might be 
effected in five hops at an angle of 50® (elevation), pro¬ 
vided the wavelength is long enough or the density great 
enough. The reflection coefficient is so high* that quite 
a large fraction of the energy may be carried along such 
a path. The Writtle—Somerton facsimile experiment 
shows that quite a large fraction of the energy is carried 
by a fourth-order ray at angles up to 87®, and it seems to 
me probable that the results obtained are due to a fifth- 
or sixth-order ray at 60® elevation. 

Mr. Builder again emphasizes the difficulty of inter¬ 
preting the facsimile results. This point has already been 
dealt with. I am inclined to agree with him as to the 
complexity of the patterns with normal-incidence rays, 
but the conclusions which I draw differ rather consider¬ 
ably from his. On reviewing the material from both 
sources, I am inclined to think that each method has its 
uses and also its drawbacks. The vertical-pulse method 

* According to Appleton's results. 
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gives complex echo patterns, and the complexity, as far 
as I can see, is mainly due to magneto-ionic effects, which 
are inherent when vertical pulses on the longer waves 
are used, but it has the very great advantage of a rigid 
time reference supplied by the ground pulse. On the 
other hand, the facsimile echoes are, on the whole, more 
regular because shorter waves are used and lower angles 
of elevation, conditions which ensure that magneto¬ 
ionic effects are not important. The method suffers, 
however, from the grave defect of failing to supply a 
rigid reference time from which echo delays can be esti¬ 
mated. With regard lo nomenclature, I merely fol¬ 
lowed Prof. Appleton^s practice of denoting the lower 
and upper ionized regions by the labels E and F 
respectively. Mr. Builder appears to suggest a tentative 
alternative explanation of scattering based on observa¬ 
tions of the multiple splitting of echoes, which is, no 
doubt, due to double-refraction magneto-ionic effects. 
Such multiple splitting, as he says, may give rise to 
blurred signals lasting as long as 3 milliseconds; hence, 
it is presumed, the scattering effects observed. But is 
this really an alternative explanation ? Analysis of wave 
transmission in an ionized layer permeated by a con¬ 
stant magnetic field shows that, in any region where the 
change of in a wavelength of the radiation in the 
medium is small compared with unity, any single entrant 
ray is split up into two, and two only. Multiple splitting 
must occur in regions where this condition does not hold, 
where, indeed, there are rapid changes of (jl. Multiple 
splitting implies just those scattering regions where [jl 
changes rapidly, postulated in my theory. The scatter¬ 
ing from such regions would occur even in the absence of 
a magnetic field, which, however, no doubt complicated 
the scattering process. The existence of multiple split¬ 


ting seems to me • to be merely another proof of the 
existence of scattering regions. The type of scattering 
or scattering regions associated with multiple splitting 
cannot be the only one, because multiple splitting 
increases in the winter months whilst the ordinary 
scattering is generally greatest in the summer. I think 
Mr. Builder has rather misunderstood my contention 
about the stratification of the F layer. Perhaps in his 
sense it would not be called stratified; that is to say, I 
do not contend that there are two definite maxima in 
the F layer, with a minimum between. It is only in the 
case of two maxima that a discontinuous jump from one 
layer to the other would occur, and Mr. Builder's evi¬ 
dence definitely rules out such a case. I merely wished 
to suggest that the F layer might be composite in the 
sense that it might be built up of two normal curves, a 
normal curve being defined as the ionizing distribution 
that would be produced by a monochromatic radiation 
in an exponential atmosphere. Such a distribution 
would account for the fact that the effective layer heights 
measured by the longer waves (A > 40 m) cluster round a 
value of about 210 km in the daytime, while the shorter 
ones give values of the order of 300 km. In considering 
the diurnal run of the maximum layer densities, I think 
it is clear that the curve is not constant, that many 
irregularities change the contour from time to time, and 
that ionization may occur in the night hours; indeed, we 
have observed such cases in the South African transmis¬ 
sions. Nevertheless, I feel convinced that it is possible 
to pick out occasions, such as those exhibited in our 
analysis, in which a continuous reduction due to recom¬ 
bination is the predominant factor and from which a 
definite, if not very highly accurate, value of the recom¬ 
bination coefficient can be found. 
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THE FLASH-ARC IN HIGH-POWER VALVES. 

By B. S. Gossling, M.A, 

(Communication from the Staff of the Research Laboratories of the General Electric Co., Ltd., 

Wembley, England.) 

{Paper first received I5ih February, and in final form 1th March^ 1932; read before the Wireless Section ^th April, 1932.) 


Summary, 

The “ flash-arc phenomenon, sometimes called the 
** Rocky Point effect,"’ is the spontaneous and complete 
' breakdown of the high insulation normally afforded by a good 
vacuum between metallic electrodes. The breakdown does 
not, in general, follow immediately upon the application of 
the voltage, but is preceded by an interval or time-lag ” 
of widely variable duration. 

Part I of the paper gives a general experimental survey 
of the properties, including visible effects, of the flash-arcs 
obtained by the discharge of condensers (capacitances 0*0001 
to 0*0016 /4F) through inductances (3*1 to 40 ^H) in series 
with the discharge tube and with a device for measuring the 
peak current. The latter is a quick-acting peak-voltmeter 
responding in a very small fraction of a micro-second to the 
voltage developed across a non-inductive resistor. 

The completeness of the breakdown with the larger con¬ 
densers is shown by the small damping of the oscillatory 
current. With the smallest condenser, however, the oscillation 
is very heavily damped. 

The maximum amplitude of the oscillations is generally 
ihuch less than the value to be expected from the urging 
voltage. It follows that energy is expended in building up 
the arc path, and it is shown that 1 to 3 watt-seconds will 
give an arc of high final conductivity, whereas 0 * 2 watt-second 
will not. 

From the recorded values of condenser charge and current 
maximum a minimum estimate of the duration of the initial 
building-up stage is found to be 2 x 10”’ to 4 X 10“’ sec,, 
which is in agreement with Snoddy’s value of 5 x 10“sec. 
from observation in a rotating mirror. This is compared with 
the time of flight of positive ions, which approaches 10“’ sec. 

The discharge is easily transferred from one electrode to 
anothere.g. in a triode valve the grid and filament both 
take their share of the current. 

Residual gas in the tube only affects the flashing voltage 
indirectly, A considerable rise of gas pressure has no effect, 
but a subsequent clean-up of the gas oh to the electrodes 
lowers the flashing voltage. v. . . . 

Autelectronic currents from edges formed by fracture of 
the cathode also have little effect on the discharge voltage. 

When a flash-arc is artificially encouraged by pilot dis¬ 
charges across loose contacts it is found that* the initial 
expenditure of energy is no longer demanded, and that the 
flashing voltage may be very low. 

The chief and most general visible after-effect in valves 
which have flashed is that widespread tree-like markings 
appear on the g^id and filament supports, demonstrating the 
great mobility of the arc. The fine wires in the active part 
of the grid are, however, never damaged; 

Pai^ II of the paper compares the ineidehce of flashing in 
operation at various installations. At Carnarvon, Daventry 
5XX, and Motala, and at short-wave stations, it has seldom 


or never occurred; at Daventry 6GB (two circuits) and at 
Rugby GBR (two circuits) it occurred frequently in some 
circuits a few years ago, but is now rare. It is concluded 
that:— 

(a) Direct paralleling of anodes is dangerous if it permits 
concentration in the flashing valve of currents exceeding 
6 to 10 amperes. 

(b) The smaller the high-frequency output condenser, the 
safer is the circuit. 

(c) The larger the inductance between each valve and the 
high-tension supply, the safer is the circuit. 

(d) Individual anode resistances are a good safeguard, 
but they cannot be used for valves above the 10-kW size. 

(e) Resistances in the high-tension supply are useful. 

When several valves are used, subdivision of the circuit by 

providing separate input chokes and output condensers gives 
marked improvement. Recent larger valves of the 100-kW 
size have been found to compare well with the earlier smaller 
valves, although the circuit conditions are necessarily less 
advantageous. 

Some general comments on rectifier valves are made. 

Part III of the paper describes and discusses the time-lag. 
Short time-lags of the order of a few minutes are sensitive 
to voltage, a 3 per cent increase of which decreases the lag 
in the ratio of 10 or more to 1. Two theories are given, the 
detactoent of surface fragments by slow yielding and the 
resulting violent autelectronic emission from newly formed 
points, and the Schrot-effect variation of a pre-existing 
autelectronic emission. 

The long time-lags observed at Rugby, which are not so 
sensitive to voltage, are analysed statistically, and are shown 
to have a regular, but not in general a simple, distribution 
up to 15 000 hours. It is found that there exist sub-groups 
of valves having different intrinsic tendency to flash, and 
also that the flashing tendency of all valves decreases the 
longer they are in operation. 

When after flashing once a valve is replaced in operation 
for a second life,” no correlation between the lengths of the 

first and second lives is found. 

Continuous operation,: or even merely continuous heating 
of filaments in early life, is found to reduce the flashing 
tendency. Gas wandering, which is encouraged by intermit¬ 
tent operation, is therefore held to assist flashing, but con¬ 
tinuous pumping is hpt considered likely to prevent it. 


Introduction. 

Although a Very high degree of insulation between two 
metallic electrodes can normally be attained by esdia-ust- 
ing the space between them by modern high-yacuum 
technique, it is, nevertheless, possible for this insulation to 
break down spontaneously and completely. This pheno¬ 
menon is known by various names, such, for instance, as 
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the '‘Rocky Point effect/* after an American wireless 
transmitting station, which is one of several at which it 
has been observed. 

The name " flash-arcused in the paper has been 
selected as giving expression to the two most prominent 
features of the phenomena, first, the extreme suddenness 
of the breakdown following an interval (here referred to 
as the " time-lag ”) during which the insulation is good, 
and secondly, the fact that when the breakdown occurs 
the magnitude of the current passing between the 
electrodes is limited only by the ability of the power 
supply and external circuit generally to maintain a 
relatively small voltage between them, a property 
characteristic of arc-like discharges. Time-lags of 
several thousands of hours and currents of some thousands 
of amperes have been measured. 

Provided the power supply is interrupted soon enough, 
as by the usual protective devices, the electrodes suffer 
no damage nor is the vacuum necessarily impaired, the 
insulation restores itself completely for the time being, 
and a valve which has suffered a flash-arc can be brought 
into operation again.* 

Hence the principal practical problem associated with 
the flash-arc has been either to reduce the probability of 
its occurrence by increasing the time-lag, or to arrest 
its development. In either case the object is to reduce 
to negligible proportions the remaining transitory inter¬ 
ruptions of regular operation. 

The flash-arc is probably not an uncommon pheno¬ 
menon in certain kinds of high-voltage vacuum apparatus, 
but, being so transient an effect and doing so little harm, 
it has not attracted much attention until the last few 
years. In valves made with envelopes consisting com¬ 
pletely of glass it is seldom observed, at least until 
voltages of 100 kV or more are reached. The same is 
believed to be true of silica valves, but in both cases the 
available information is scanty, probably for the reasons 
just given. 

R. W. Wood,t so long ago as 1897, described " a new 
form of cathode discharge,** which he refers to as an arc. 
His detailed description agrees in a striking way with 
what is now known of the flash-arc, Millikan|: used as 
the source of spectrum lines in his work on the extreme 
ultra-violet a discharge between electrodes of various 
materials in a high vacuum, which seems to have been a 
flash-arc of the kind with which we are here concerned. 
Experiments on the electrical breakdown of a vacuum 
under similar conditions have also been briefly described 
by Hayden.§ Extensive and ingenious investigations of 
the passage of very Targe currents up to 20 000 amperes 
between electrodes of tungsten and of copper in a high 
vacuum have been described in abstract by Hull and 
Burgerll and by Snoddy,Tf giving results, where similar 
properties are concerned, identical with those which will 
be described here. 

None of these authors describe the time-lag in the sense 
of our definition. Hansford and Faulkner refer to it, 
however, and the discussion of this property in the case 
of the " back-firing ** of the mercury-vapour arc rectifier 

! 5; V., Hansford and H. Faulkner: Journal I.E.E,, 1927, vol. 65; p. 303. 
t Physical Review, 1897, vol. 6, p. 1. 
t Ibid., 1918, vol. 12, p. 167. 

I Journal of the American I.E.E,, 1922, vol. 41, p. $52. 

J Physical Review, 1928, vol. 31, p. 1121. 

1/Wrf., 1931, vol. 37, p. 1678. 


by Slepian and Ludwig* reveals a certain measure of 
similarity between that effect and the flash-arc. 

It was, however, in connection with high-power valves 
where the envelope, except for the necessary insulating 
portions, was made of metal cooled by an external agency 
that flash-arcs became for a time a prominent source of 
trouble, the general nature of which was summarized by 
Hansford and Faulkner some five years algo. This phase 
is now past, but during the period when flash-arcs were 
occurring in operation with sufi&cient frequency, useful 
information about them, such as could hardly have been 
obtained by means of laboratory experiments alone, was 
collected in the way described in the later sections of this 
paper. 

PART I. 

GENERAL EXPERIMENTAL STUDY OF THE 
PROPERTIES OF THE FLASH-ARG. 

(1) Visible Indications. 

There is in general, though not always, something to 
be seen when a flash-arc occurs between two electrodes. 
The breakdown, however, is frequently transitory owing 
to spontaneous interruption, and in any case it is seldom 
allowed to persist. The transitory nature of the pheno¬ 
menon, and the effect of the time-lag (particularly if the 
latter exceeds a few seconds), frequently result in the 
visible evidences being missed, because no one happens 
to be looking in the right direction at the right time. 
Indeed, some diligence in continuous watching is in 
general necessary if flash-arcs are to be visually observed. 
In some cases under conditions otherwise known to be 
unfavourable to complete breakdown, nothing at all is 
seen, despite adequate facilities for good observation, 
although currents of many amperes can be shown to have 
passed. These cases will be described later. 

Proceeding to cases "where something just visible 
occurs, what is seen consists of single or repeated flashes 
of fluorescence widely distributed over the surface of the 
glass work. This fluorescence is easily, masked by 
external illumination or by the light from the filahient. 

The most characteristic sign of the flash-arc comes next 
in order. This is the appearance of one or more minute 
star-like scintillations on the surface of the cathode. 
These scintillations indicate a complete, even though 
transitory, breakdown. Over a wide range they differ 
simply in brilliance; the brighter ones may have an 
apparent diameter of a millimetre, but there is probably 
some magnification due to " irradiation ** in the eye. A 
sideways view of these large scintillations usually reveals 
a shape as of a blunted cone with its apex oii the cathode 
surface, if the surface carries any loosely-adherent or 
finely-divided material, this cone is extended by numerous 
fine bright lines like meteor trails, which must be due to 
incandescent particles because the brighter ones are 
sometimes seen to be reflected when they reach as far 
as the other electrode or the glass work.f The scintilla¬ 
tions themselves are only faintly tinted with colour. 

It is only very violent breakdowns that show any con¬ 
tinuous bridging of the gap between the electrodes. The 

* Electrical Engineering, 

t W. D. Goolidge and I. Langmuir: Review of Modern Physics, 1980, vol. 3, 
p. 167j and R. W. Wood: ioc. cti. 
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luminous bridge does not take the form of a thin well- 
defined spark, but has diffuse boundaries. In the strong 
light of a valve filament it appears quite pale. 

Since very similar experimental arrangements will 
produce either the flash-arc or the autelectronic 
emission of a pure electron current from local sharpnesses 
on the cathode—^this latter current is more of the nature 
of a regular leakage than a breakdown of insulation— 
the marked distinction between the visible indications in 
the two cases should be noted, especially since both have 
been described together by R. W. Wood and others, 
including the present author,*** in publications dealing 
with the autelectronic current. Experimentally the two 
effects can now be readily distinguished because the 
autelectronic current persists if a resistance of about 
1 megohm is connected close to the tube and in series 
with it, whereas the flash-arc is either suppressed entirely 
or considerably reduced. 

In the autelectronic case the visible indications are 
confined to those consequent on the impact of the 
emitted electrons on the anode or the glass work, as 
follows:— 

{a) Unless the surface of the anode has been heated to 
fusion shortly previously, small specks of various colours, 
due apparently to traces of foreign matter, can be seen 
scattered about the area of impact. 

(&) With stronger currents there is local and intense 
heating of the anode. 

{c) If the electron beam strikes the glass instead of 
the anode, the glass fluoresces continuously in charac¬ 
teristic well-defined elliptical patches which at grazing 
incidence may be elongated into streaks. 

{d) If these patches are bright there may be general 
fluorescence as well, which can justly be ascribed to the 
impact of the secondary electrons emitted from the 
patches. 

The visible indications are thus so clearly different in 
the two cases that they need never be confused. 

The description of the visible after-effects of flashing in 
valves connected to a power supply capable of maintain¬ 
ing an arc will be postponed until the general nature 
of the flash-arc has been considered. 

(2) Preliminary Experimental Survey. 

Some of the earliest experiments on the flash-arc 
revealed or foreshadowed so much of, what was later 
confirmed concerning its essential properties, that a brief 
description of what happened may serve as an intro¬ 
duction to our general survey. 

The electrodes of the discharge tube consisted of a 
copper cylinder and a loop of stout molybdenum wire. 
The loop was inserted symmetrically in one end of the 
cyfinder, and through the other end the space between 
the electrodes could be watched. The loop was con¬ 
nected to the high-tension terminal of a Haefely trans¬ 
former by several feet of suspended conductor; the 
cylinder was connected by a shorter lead to earth—at 
first directly, and later through a non-inductive resistance 
across which a combination of rectifier valve and electro¬ 
static voltmeter was connected as shown in Fig. 1. The 
insulation of the voltmeter was high enough to enable a 
transitory voltage across the resistance consequent on 
* 1926, voi. 1, p, fill. 


the passage of a current between the electrodes to be 
read as a permanent deflection, and its capacitance was 
low enough to reduce to a fraction of a microsecond the 
time required for charging it through the rectifier. 

It was found at once that when scintillations of very 
moderate intensity were seen in the tube the transformer 
was well loaded. The visible indications of a breakdown 
are thus not very conspicuous. 

On inserting a resistance of about 100 ohms (about 
30 cm of nichrome wire 0* 1 mm diameter) and the volt¬ 
meter as described, readings of from 1 000 up to 
5 000 volts, the insulation limit of the rectifier, were 
readily obtained. The substitution of a copper wire of 
the same dimensions as the nichrome reduced these 
readings to about one-third. With a carbon lamp of 
2 400 ohnis resistance the voltmeter sparked over; for 
this some 20 000 volts would be necessary. The 
nichrome-wire resistor indicated currents of peak values 
ranging from 10 to 50 amperes and more, and the sub- 


Distributed 



Fig. 1.— Experimental circuit (in its first form). 

stituted copper wire showed that their rate of increase 
was such as to induce some hundreds of volts across a 
very small inductance. On examination of the circuit 
it was evident that such currents could only arise from 
the sudden discharge of the high-tension wiring. 

Further examination of the circuit showed that cur¬ 
rents of even greater magnitude than those observed 
could be expected from the discharge of the wiring, 
given a sufficiently low resistauce in the position of the 
discharge tube. The capacitance of the wiring was 
found to be a little over 100 /x/icF and its natural periods 
of oscillation—of which there were several—^were of the 
order of 0*05 microsecond. 

Now such a capacitance charged to 80 kV and dis¬ 
charging through a pure inductance with such a period 
would give an oscillatory current of 1 000 amperes 
maximum value, or 320 amperes if the discharge were 
rendered just aperiodic by the presence of a resistance 
of the critical value, 160 ohms. 

The observed effects are thus consistent with the 
hypothesis of the discharge of the high-tension wiring 

through a high-conductivity path in the tube. 

The magnitude of the currents observed reveals one 
more aspect of the discharge process. Since the initial 
charge in the wiring is not large enough to maintain such 
currents for more than a fraction of a microsecond, the 
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duration of the growth of the “current, or at least of the 
later stages of that growth, must be similarly brief. 
Thus the building-up of the high-conductivity path 
between the electrodes, or conversely the breakdown of 
the insulation of the space, must be an extremely rapid 
process. 

(3) Constancy of High-Voltage Supply. 

As is usual in experimental work on high-voltage 
breakdown phenomena, freedom from stray variations 
in the high-voltage supply used in experiments on the 
flash-arc is very necessary. 

In the experiments described in the succeeding sections, 
the source of supply was a 30-kVA motor-alternator 
designed to be specially free from harmonics in the output 
wave-form. The supply to the d.c. driving motor and 
to the alternator field was Tirrill-regulated, with a normal 
range of voltage variation of 1 per cent. Actually, 
variations of as much as 1 per cent in the alternator 
voltage were seldom observed, sudden variations in the 
extraneous load on the d.c. supply being of rare occur¬ 
rence during these experiments. 

(4) Condenser Discharge Circuits. 

The experimental study of the properties of the flash- 
arc consisted chiefly in the investigation of the effects 
occurring during the discharge of a condenser connected 
across the electrodes in the evacuated tube, the charging 
voltage of the condenser being increased until a sponta¬ 
neous flash occurred. 

The discharge tube was usually either of the simple 
form used in the preliminary experiments already 


Under rarely-occurring conditions, as will be described 
later, the discharge of the inter-electrode capacitance 
seems to have been sufficiently sudden to cause the pro¬ 



pagation of a steep-fronted wave ander-Welle) along 

the leads. 

The general arrangement of the circuit is shown in 
Fig. 2. When single discharges were desired, a 2-way 
switch was inserted at the junction of the condenser lead 
and the high-tension charging and discharging leads. 
The condenser was usually charged by means of a 
rectifier in series with the high-tension transformer, the 


Table 1. 


Condenser Discharge Circvdts, 


Condenser 

capacitance 

Dielectric 

Approximate 

inductance 

Amperes per kV for 
undamped oscillation 
from 

Critical resistance 

2 VWO) 

Period of oscillation 

mF 


. mH 


ohms 

10—® sec. 

0*00010 

Air 

40 

1*55 

1 280 

0*40 



35 (coil) -f 6 




0*00160 

0*(5015 ju,F of oil-paper cable 

(leads) 

40 (as above) 

6*2 

320 

1*74 

0*00083 

Air .. .. ... 

3*1 (leads only) 

16*7 

120 

0*32 


described, or consisted of an actual valve of the 10- or 
15-kW size used in the inactive state, i.e. with the filament 
unlit. Results obtained with inactive valves in this 
experimental circuit agreed with those given by valves 
in action in the appropriate oscillatory circuit, provided 
the voltage was applied for similar lengths of time. 

As the preliminary experiment showed, a knowledge 
of the electrical properties of the condenser discharge- 
circuits is necessary. The constants of the three circuits 
used in the experiments to be described are given in 
Table 1. 

The values given in the table do not, of course, com¬ 
pletely specify the properties of the circuit. There 
remain the capacitance between the discharge electrodes 
(afew/x/xF) and the distributed capacitance of the leads. 


rate of charging, or of recharging after a flash, being con¬ 
trolled either by liquid resistances of 1 to 10 megohms 
or by adjustment of the thermionic emission of the 
rectifier filament. 

Alternatively, alternating voltages could be applied to 
the condenser, either at a frequency of 60 cycles per sec. 
from the transformer, or at high frequency (300 kilo¬ 
cycles per sec.) by making the condenser the capacitance 
of a self-oscillating circuit excited by a triode valve. 

(5) Current Measurements. 

In a general study of the properties of the flash^arc, it 
is clearly important to have a ready means of making 
measurements of current under different conditions. 
The maximum value of the current, which varies 
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betw'een wide limits, is of particular interest as a measure 
of the completeness of the breakdown. 

The principal instrument used in the later experi¬ 
mental study of the properties of the flash-arc was 
developed from the combination of resistance and peak 
voltmeter used in connection with the early experiments. 
A high-speed cathode-ray oscillograph has been employed 
with success by Hull and Burger and by Snoddy for 
determining the relation between current and voltage 
during the very brief early stages. Their method of 
applpng the voltage difiers, however, from that used in 
the present experiments, in that they applied a very 
steeply-rising voltage wave, whereas in this investigation 
the flash-arc resulted from the maintenance of a steady 
applied voltage for an appreciable but spontaneously 
varying time. The fact that the deflection of the volt¬ 
meter gives a permanent record of the passage of a 
current is valuable, particularly since in some interesting 



Fig. 3.—The peak-voltmeter and resistor for current 
measurements, 

cases visible evidences of the breakdown were rarely 
present. The same property is also useful when the 
time-lag is being studied. The various components of 
the instrument in its final form are shown in , Fig. 3. 

The rectifier valve (T) is mounted directly on the insu¬ 
lated terminal of the Braun electrometer (V). The capaci¬ 
tance of the insulated system, consisting of the anode 
(a) of the valve and vane (v) of the electrometer, is thus 
kept low, and the single insulator reduces the chance 
of leakage. The lead connecting the anode and vane 
must be screened; otherwise, if there is any corona on 
the high-tension side of the circuit, charges accumulate 
slowly on the voltmeter. 

If the whole instrument, with the exception of the two 
short leads to the resistor, is screened as shown in 
Fig. 3, one side of the screen being connected to the 
resistor, it can be used anywhere in the circuit. The 
screened instrument has worked well with the potential 
of the resistor fluctuating between that of earth and 
40 kV above earth. 

"VV^en, as in this case, a peak voltmeter is used without 
an auxiliary condenser in parallel with it, so that the 
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capacitance between the electrodes of the rectifier valve 
is comparable with that between the voltmeter terminals, 
the final voltmeter reading is less, in a definite ratio, than 
the peak value of the impressed voltage.* This is due 
to the fact that the charge acquired by the voltmeter 
capacitance as a result of conduction through the 
rectifier has to be shared with the rectifier capaci¬ 
tance. 

The rectifier used was of the simple thermionic 
diode type with a dull-emitting thoriated tungsten fila¬ 
ment giving a saturated emission of 140 mA at the 
normal adjustment. The impedance of the rectifier was 
low, the voltage-drop needed to approach saturation of 
the 140-mA emission current being 100 volts. 

Thus when the voltmeter capacitance was being 
charged through the rectifier the rate of charging was 
2 X 10^® volts per sec., or 20 kV per microsecond, for an 
emission current of 140 mA and a voltmeter capacitance 
of 7 iJifxF. The voltmeter readings usually observed 
could therefore be obtained from pulses whose rise occu¬ 
pied well under one-tenth of a microsecond. 

A minor limitation should, however,^ be mentioned; the 
full charging rate could be maintained only until the dif¬ 
ference between the applied voltage and the voltage to 
which the voltmeter had become charged had fallen to 
about 100 volts, after which the rate of charging fell 
progressively as the current through the rectifier de¬ 
creased owing to the diminution in the available voltage- 
drop. The response of the voltmeter to a single brief 
voltage pulse is therefore likely to be less than the actual 
maximum of the pulse by rather under 100 volts, and 
similarly, when it is not known whether the pulses are 
single or repeated, there will be an uncertainty of the 
same order in the estimation of the peak voltage. It 
was confirmed by direct experiment that these errors are 
seldom large enough to be of importance in the experi¬ 
ments to be described. 

It was also found that the response to an air-spark 
discharge in the second circuit of Table 1 was unaffected 
when the charging rate was reduced to one-sixth of 
the normal value (by doubling the capacitance and 
reducing the emission to one-third); on further reducing 
the rate to one-tenth normal, one extra discharge was 
required. No errors due to lack of sufficient emission 
will therefore arise in the other circuits with quarter- 
periods of O’l and 0*075 microsecond. 

A further experimental check on the response of the 
peak voltmeter was obtained by including in the discharge 
circuit two additional resistors each having a small 
sphere-gap (0* 5-cm steel spheres) connected across it, 
the spheres being frequently polished with new emery 
paper.f One of the sphere-gaps was set to spark at a 
lower voltage than that recorded by the peak voltmeter, 
and this in the experiment did spark, whereas the other 
sphere-gap set for a voltage higher than that recorded 
by the peak voltmeter did not. 

The insulation of the rectifiers was sufficient to with¬ 
stand reverse voltages of 10 kV momentarily without 
breakdown, and of 5 kV continuously without excessively 
rapid leakage. There is a marked and immediate 
decrease in the leakage when the filament is switched off; 

p ^* Paterson and N. Campbell: Philosophical Magazine^ 1919,. vol. 37, 
t See 0. Burawov: Archiv fSr BleMrotccknik, 192fi, vol. IB, p. SOI. 
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possibly the light from the filament produces a small 
photo-electric emission from the anode. 

The design of the resistors across which the peak 
voltmeter is connected has clearly to be such that the 
effects of their inductance and skin resistance are 
negligible at the highest discharge frequencies en¬ 
countered. The following three types of resistors were 
used, {a) Nichrome wires of diameter 0 • 1 mm and a few 
cm in length, (h) Short lengths of carbon-lamp filament 
mounted in an exhausted bulb and provided with 
separate current and potential terminals, (c) Glass tubes 
of length 10 cm or less and diameter about 1 cm, coated 
by the lustre process with a thin film of platinum of 
calculated thickness 3 X 10“® to 6 x 10'”® cm. 

The first two types were used only in the earlier 
experiments, and the nichrome wires only at discharge 
frequencies lower than 3 x 10® cycles per sec. The 
carbon filaments, though initially satisfactory, eventually 
gave trouble owing either to the contacts at the filament 
ends becoming erratic, or to deterioration of the vacuum 
giving rise to glow discharges which could not be assumed 
to have no appreciable shunting effect. The platinum- 
film resistors had resistances between 2-5 and 11 ohms, 
their ends were silver-plated, and the connections were 
made on the silver, the current connections being 
nearer the ends than the potential connections. The 
calculated inductance for a 10-cm length was only 
0*045 ju-H, and the impedance at 3 X 10® cycles per sec. 
was well under 1 ohm. The effective inductance could 
be reduced to less than 0*01 for a 10-cm length by 
providing a concentric current-return sheath not 
included in the potential circuit. 

The platinum film was immersed in oil for further 
cooling; nevertheless, it occasionally broke down, show¬ 
ing a narrow circumferential interruption of the film, if 
subjected to sustained discharge currents giving peak- 
voltmeter readings of 1 000 volts or more. This occurred 
more particularly if a train of air-sparks had been sub¬ 
stituted for the flash-arc. 

From the properties of the individual components 
which have been described, it may be inferred that 
such a combination of peak voltmeter and resistor 
should constitute a suitable instrument for its in¬ 
tended purpose of serving as a quick-acting peak 
ammeter. However, the performance of the combination 
was experimentally checked by using it in each of the 
three discharge circuits to measure high-frequency dis¬ 
charge currents the peak values of which could be 
calculated. 

For this purpose a sphere-gap in air (2*5-cm diameter 
steel spheres) was inserted into the discharge circuit in 
substitution for the flash-arc tube. The ratio of the first 
current maximum to the discharge voltage should then 
have given the value in amperes per kilovolt shown in 
Table 1, less an appropriate small correction for the 
damping during the first quarter-cycle. From a study 
of the results it appeared that errors as great as 10 per 
cent in the absolute measurement of peak current are 
unlikely. This degree of accuracy is amply sufficient for 
the study of flash-arc currents, which can seldom be 
repeated at all closely. 

In many experiments on the flash-arc, some of which, 
being of special interest, will be described later, the 


peak-voltmeter reading recorded by the flash-arc was 
reproduced, using a substituted air-spark. The flash- 
arc current was then taken to be equal to the calculated 
value of the air-spark current. By this substitution 
method, reliance on absolute measurements of current 
was in large measure evaded. 

One point concerning current measurements remains 
to be mentioned. In no kind of current-measuring 
instrument should the ratio of peak current to discharge 
voltage exceed the characteristic value of the amperes 
per kilovolt if the discharge circuit is acting as a simple 
condenser-inductance combination. In the great 
majority of flash-arc discharges the recorded amperes 
per kilovolt did not exceed the value characteristic of 
the simple circuit. There were, however, three readily 
recognizable sets of conditions under which excessive 
readings were observed. These were a succession of 
violent discharges, the use of a flash-arc tube of relatively 
high inter-electrode capacitance, and the production of 
flash-arcs at unusually low voltages owing to pilot dis¬ 
charges at loose contacts between electrodes. As will be 
seen later, all these conditions are favourable to the 
building-up of the flash-arc with unusual rapidity, 
making possible the appearance of steep-fronted Wander- 
Wellen to which the resistors could no longer be expected 
to act as non-inductive resistances. 

(6) Damping of Flash-Arc Condenser Discharge. 

The effective resistance of the flash-arc built up by the 
discharge of the condenser of a given oscillatory circuit 
can be inferred from the damping of the oscillatory 
current. This can be observed in two ways. The first 
is by means of the ratio of the readings of two peak 
ammeters connected in opposite ways so as to record 
current maxima of opposite sense. Observations of this 
kind show that for the larger condensers (0*0016 and 
0*00083 /X.F) the damping was always considerably less 
with the flash-arc than that measured in the same way 
with an air-spark current of the same amplitude. For 
the circuit used with the 0*00083-juF condenser the 
critical resistance which would first make the discharge 
aperiodic was 120 ohms. This gives a definite upper 
limit to the effective resistance of an oscillatory flash-arc 
in the circuit in question. Actually the resistance was 
much less than 120 ohms, for the observed ratios were 
close to unity, indicating a resistance much less than the 
critical value. 

When the smaller (0*0001-ju.F) condenser was used the 
results obtained were totally different from those given 
by the larger. The second maximum was always very 
much smaller than the first, and sometimes too small to 
give a visible record, indicating very heavy dampings 
approximating to an aperiodic discharge, and this 
although the critical resistance for the circuit with the 
loading inductance was now high-^rather over 1 000 
ohms. With this condenser also, scintillations were very 
rarely seen. 

For the flash-arc, therefore, where condensers of 
different sizes are concerned the factor determining 
whether the discharge will be aperiodic is not the 
critical resistance but the size of the condenser. The 
aperiodic discharge can hardly be called a breakdown, 
and it is probably in most practical cases innocuous. 
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These results illustrate the importance of external-circuit 
conditions. 

The second method of estimating the effective resis¬ 
tance of the flash-arc gives information as to the 
damping during a longer period than that occupied by a 
single cycle. Two peak voltmeters were used, connected 
in the same direction across a single resistor. One of 
them was adjusted as usual so as to act as a peak ammeter 
recording the first maximum in the sense selected. The 
action of the other was made slower by reducing the 
emission of the rectifier filament. It follows, as 
illustrated in Fig. 4, that a train of smaller damping 
causes a larger deflection of the peak voltmeter, and a 
larger ratio of this deflection to that of the instrument 
which records the first maximum. 

Using this method with single discharges in the circuit 
of the O*00i6-/xF condenser, comparison with the 

First or 

peak_Qmck-£har£e_r ending 

/ \ Slow-charg^ 

h c ” 

Secom or R^fse" quick- charge reading 

reverse 
peak 


Quick-charge reading 



equivalent air-spark showed that for the flash-arc the 
ratio of the reading of the slowly-charging instrument 
to the quickly-charging one was higher for the flash-arc 
(about 60 per cent) than for the air-spark (about 40 per 
cent) indicating that the flash-arc gave the lower damp¬ 
ing, and that this low damping persisted at least until 
the amplitude of the oscillatory current had fallen to 
about one-half of its initial value. 

(7) The Initial Expenditure of Energy. 

By a fortunate chance the constants of the condenser 
discharge-circuits were found to be such as to enable 
two features of the early stages of the breakdown to be 
clearly revealed by the measurements of peak currents, 
in spite of the inherent limitations of that method. 

The first current maxima recorded for flash-arcs are 
found to be in general less than the air-spark value, and 
sometimes much less. Indeed, it is only when violent 
^charges of the larger condensers occur that equality 
is approached. Readings exceeding the air-spark value 
axe, as already mentioned, very rarely observed. In 
making the comparison it was found to be more con¬ 
venient to determine the charging voltage which in the 


air-spark case produced the same peak-voltmeter 
deflection as the flash-arc. In one series of comparative 
experiments the flash-arc currents observed in a number 
of discharges at 55 to 65 kV between a molybdenum 
cathode and a copper anode ranged between 20 and 
40 per cent of the equivalent air-spark currents, although 
from the small damping of the subsequent oscillations 
they might have been expected to be at least as large if 
not actually greater. 

These results show that the growth of the current, 
i.e. the initial stage of the breakdown, follows a different 
course in the flash-arc case. 

The low value of the current at the first current 
maximum implies that the kinetic energy of the oscilla¬ 
tion at this point (|L2i) is far less than the original 
potential energy [\CEq) of the charged condenser. The 
difference [\CBq — IL/f) represents energy dissipated in 
building up the conducting path. In the case quoted, 
this dissipation was between 96 and 84 per cent of the 
initial energy. During the initial stages the discharge 
path thus has a high but progressively decreasing 
resistance. 

The small damping of the subsequent oscillation 
shows that in this case the final breakdown was always 
effectively complete, and since the initial energy was 
about 3 watt-seconds we know the energy (rather less 
than 3 watt-seconds, or 0*75 calorie) which is needed to 
carry the breakdown through its initial stages. Similar 
experiments on the aperiodic discharge obtained when 
the smallest condenser was used with the same electrodes, 
showed that the initial energy then available (0*2 watt- 
second or 0*05 calorie) was definitely insufficient to 
complete the breakdown. 

This necessary initial dissipation is a somewhat 
variable quantity, even with a given pair of electrodes: 
it probably depends to some extent on the condition of 
their surfaces. Changing the actual material of an 
electrode can produce a still more marked effect. With 
a nickel cathode instead of the molybdenum cathode 
referred to above, the amplitude of the oscillation cor¬ 
responded to a smaller initial dissipation of little more 
than 1 watt-second (0*25 calorie), and similarly with the 
small condenser the discharge—though very heavily 
damped—^was definitely not quite aperiodic. 

(8) Duration of Initial Stages of Breakdown. 

The constants of the condenser discharge circuits also 
happened to be suitable for providing some indication 
of the duration of the initial stages of the breakdown. 
Consideration of the available initial charge in the con¬ 
denser and the magnitude of the first maximum of 
current shows that, brief though these stages are, they 
must have more than a certain minimum duration. 

In the early stages when the energy of the condenser 
is being dissipated in the tube, the growth of the current 
is controlled by the effective resistance of the con¬ 
ducting path, which is initially high. In the final stages 
the growth is controlled by the inductance of the circuit, 
and the potential energy of the condenser is in process 
of conversion into the kinetic energy of the current in 
the inductance. The two stages no doubt overlap, but 
it would seem that the duration of the conversion stage 
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cannot differ much from one-quarter of the natural 
oscillation period of the circuit. From the experimental 
data we can determine hypothetical time-intervals 
E^Cjlmax based on the extreme supposition that the 
^condenser of capacitance G charged to voltage Eq is 
discharged by a constant current which has always the 
value observed for the first current maximum. 

In the cases of the aperiodic discharge of the smaller 
condenser, where the conversion stage is unimportant, 
the minimum time E^CJI^^ was found to be 2 x 
sec. for the heaviest currents observed. For these 
currents the breakdown was not of course completed 
within this time, which corresponds to about one-half a 
normal oscillatory cycle. If, again, for the oscillatory 
discharges of the larger condenser, which always repre¬ 
sented a complete breakdown, we deduct from EqCII^^^ 
one-quarter of the normal period (6 x sec.) to 

allow for the conversion stage, we have about 4 x lO"”^ 
sec. left for the initial stage for the smaller observed 
values of /^^/jE7q. This method of estimating the 
minimum duration of the initial stage thus leads to a 
definite result in these cases, although the extreme 
assumption of the constant discharge current certainly 
means that the duration is considerably underestimated. 
Even a linear growth of the current would double these 
times, and, further, since the positive ions necessary 
for the high conductivity are themselves produced by 
the passage of the current, we should expect this to 
grow at an increasing rate in the early stages. The 
times obtained by these rough calculations agree with 
the figure (5 X 10“’'^ sec.) obtained by Snoddy from 
direct observation in a rotating mirror. 

A possible physical meaning for this minimum duration 
of the initial building-up stage of the conducting path is 
disclosed by considering the time of flight of a positive 
ion between anode and cathode under the conditions of 
the experiment. For any but the lightest positive ions, 
the time of flight is found to approach 10“^ sec. Hence 
a process requiring the successive passage of several 
relays of positive ions would account for the observed 
minimum duration, and since, as we have seen, this 
minimum is probably considerably underestimated, a 
considerable number of such relays is likely to be 
necessary. 

(9) The Sharing of the Flash-Arc Discharge 
Between the Grid and Filament of a Triode. 
Since the main power supply to a valve in operation 
is connected to the filament and anode, it was clearly 
important to find out to what extent the filament 
system, which is more or less surrounded by the grid 
system, takes part in the discharge. A large number of 
experiments on this point have been made using various 
types of valves. 

For this purpose the return lead from the valve to the 
condenser on the low-tension side was divided into two 
similar leads in parallel (Fig. 2) which could be connected 
to the grid and filament respectively. Each lead had 
its own resistor and peak voltmeter so that the relative 
magnitudes of the discharge currents passing by way of 
the grid and of the filament could be observed. 

It was found that both peak voltmeters invariably 
gave readings; with some valves the current set up in 


the one circuit was consistently the larger, with others 
the larger current was produced in the other. In a few 
cases the currents were roughly equal. 

Before attempting to infer from these results what 
takes place inside the valve, we have to find an answer 
to two questions relating to the external circuit condi¬ 
tions. There is first the simple question whether the 
passage of the discharge current along one of the leads 
of the divided circuit would produce a reading of the 
peak voltmeter in the other. The answer to this is 
definite: an air-spark between grid and anode external 
to the valve produced a 1 000-volt deflection in the grid- 
circuit voltmeter and nothing visible, i.e. nothing as 
great as 100 volts, in the filament-circuit voltmeter. 
The second question is a double one. If a low-resistance 
discharge passes inside the valve between one electrode 
—the grid, for instance—and the anode, there will be a 
redistribution of the potential throughout the discharge 
circuit. This will not apply to the branch leading to 
the filament, because no current flows there. What 
potential difference will arise between grid and filament, 
and will it be big enough to excite a new discharge 
between them? Calculation from the ratio of the 
inductance of the grid lead to the total inductance, and 
experimental observation by means of an auxiliary 
sphere-gap between grid and filament, both gave the 
result that the voltage-drop in the grid lead amounts to 
about 20 per cent of the total. 

Direct experiment showed that the discharge voltage 
between grid and filament amounted to about 60 per cent 
of that between grid and anode, even with an appreciable 
time-lag. Hence it is to be concluded that the potential 
difference between grid and filament arising from the 
discharge between grid and anode could not in this 
circuit have excited a second instantaneous discharge 
between grid and filament. 

What happens in the valve, therefore, must be some 
sort of division of the original discharge between the two 
low-potential electrodes, whichever of them was respon¬ 
sible for initiating the discharge. Here the temporary 
potential difference between grid and filament which 
has been discussed may play a part in diverting some 
portion of the discharge current at an early stage from 
the electrode initially responsible to the idle electrode. 
Similarly, for valves in actual operation there may be a 
disadvantage in the use of a protecting resistance in the 
grid lead which is not effective in suppressing the dis¬ 
charge; this disadvantage is that the voltage-drop in 
such a resistance constitutes a potential between grid 
and filament which helps to divert the arc, and might, 
if very high, excite a new instantaneous discharge. 

(10) The Flashing Voltage. 

In many kinds of high-voltage breakdown the term 
'' breakdown voltage has no definite meaning unless 
stipulations are made as to .the duration of the applica¬ 
tion of the voltage. This is particularly true of the 
flash-arc, since it shows such marked time-lag effects. 

These time-lags will be discussed in more detail in 
later sections; for present purposes the flashing 
voltage" may be defined, in accordance with actual 
experimental procedure, as the voltage which will produce 
a flash within a few seconds after application. 
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Experiment has shown that it is impossible to give a 
simple answer to the question: What are the factors 
which determine the flashing voltage ? However, as will 
shortly be shown, the residual gas in the space betw-een 
the electrodes has no direct influence on the flashing 
voltage. It must therefore be concluded that the 
determining factors are located on the boundaries of the 
space; so that the flashing voltage must depend not only 
on the shape, disposition, and material, of the electrodes, 
but also on the intimate details of their surface condition. 
The control of surface condition is at present more a 
matter of intelligent empirical routine than of actual 
knowledge of the mechanisms concerned. 

(11) Effects of Residual Gas on the Flashing 
Voltage. 

Some typical experiments on the evolution and 
clean-up of gas in relation to the discharge voltage will 
be described. Three valves were used. The results 
were in many respects similar in all three cases. The 
valves were first tested in the experimental circuit and 


cause of the progressive rise of the flashing voltage is 
shown by the persistence of the final high voltage after 
the clean-up in the side tube. Further, the same kind 
of rise was generally observed when the discharge tube 
was connected with a pump to remove the gas as it was 
evolved. 

Hence the gas evolution was a result of the repeated 
flashing, but it was an important result, for the subse¬ 
quent restoration of the gas by clean-up on to the 
surfaces on which it was presumably originally condensed 
resulted in the relapse of the flashing voltage. 

The fact that in the second case quoted in Table 2 the 
relapse was quite marked for a small clean-up, is particu¬ 
larly interesting. Although there is some doubt as to 
the meaning of a static gas test as a quantitative measure 
of the pressure of free gas when the test is carried out 
as here, with some thousands of volts of anode potential, 
it is not improbable that the small clean-up referred to 
corresponded to a pressure change of less than 10“® mm. 
Hence the quantity of gas which can produce a relapse 
by its clean-up may be very small indeed. 


Table 2. 

Flashing Voltage, and Evolution and Clean-Up of Gas, 


Specimen 

valve 

First test 

static gas test 

Second test 

Flashing voltage 

Number of 
flashes 

Flashing voltage 

Number of 
flashes 

Initial 

Final 

Initial 

Final 

A 

B 

C 

hV . 

9-5 

22 

25 

kV 

15 

25 

33 

15 

29 

26 

Very soft, slow clean-up 
Hard, small clean-up 

Soft, good clean-up 

kV 

12*5 

16 

25 

kV 

25 

23 

30 

27 

16 

3 


the flashing voltages for time-lags of a few seconds noted. 
These exhibited a steady rise in the course of a not very 
large number of flashes, as shown in the first column of 
Table 2. After this the state of the vacuum was 
observed (Table 2, second column) in the ordinary static 
test circuit with the filament lit at normal brilliancy and 
the anode voltage and dissipation raised where possible 
to the standard va.lue. The amount of gas found to 
have been evolved and the extent of the subsequent 
clean-up varied. On returning to the experimental 
circuit, however, it was found that in all these cases the 
flashing^ voltage had fallen again almost to its original 
value, rising as before in the course of a few flashes. 

Comparing these results with those of a similar 
experiment in which the clean-up was performed in an 
auxiliary valve attached to a side tube, it was found that 
whereas in both cases the flashing voltage rose during 
the evolution of gas, its value subsequent to the clean-up 
was unchanged when the clean-up was in the side tube, 
but relapsed nearly to its original value when the clean-up 
was in the valve itself. 

It is clear from these experiments that the presence of 
free gas does not lower the flashing voltage, but rather 
the reverse. That the liberation of gas was not the 


The influence of gas-wanderings of the kind here 
described on the behaviour of valves in intermittent 
operation, will be discussed further in Section (24), 

(12) Effects of a Superposed Autelectronic 
Emission. 

In many experiments, and more particularly in those 
in which the discharge tube was in such a state that 
rather high voltages had to be applied in order to obtain 
flash-arcs, visible signs of the presence of autelectronic 
or cold cathode ^'currents were evident at voltages well 
below the flashing voltage. 

In one case a careful study was made of the effects 
on the flashing voltage of the appearance of steady 
autelectronic currents superposed in this Way on the 
flash-arc. The experimental tube in this case had as 
cathode a square-headed loop of tungsten wire 1mm in 
diameter, mounted facing a copper disc which consti¬ 
tuted the anode. After a number of determinations of 
the flashing voltage had been made, the cathode wire was 
broken at one of the square bends by the application of 
an external force through the flexible platinum thimble 
on which the wire was mounted. In consequence of this, 
autelectronic effects, of which very little had been seen 
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before, became prominent, as was to be expected from 
the gross disturbance of the form of the cathode surface 
by the sharp edges formed at the point of fracture. 
These evidences became definitely visible when the 
autelectronic current was about 10 microamperes, and 
this condition was reached when the applied voltage was 
about 20 per cent less than the flashing voltage. By using 
the peak-voltmeter resistor as the shunt for a suitable 
galvanometer protected by high-frequency choking coils, 
the autelectronic current was in some cases observed up 
to the moment of flashing, when its value amounted to 
a few hundred microamperes. 

At the voltages in use, 40 to 50 kV, autelectronic 
currents of this magnitude would be sufficient to produce 
strong heating of the anode if they were maintained; 
they would also produce X-rays, which might possibly 
influence the behaviour of the tube. 

The flashing voltage, however, proved to have been 
little affected by the breaking of the filament. Its 
spontaneous variations had been studied before the 
breaking, and after the breaking its average value was 
rather less than before, but was within the range of 
variation previously observed. 

If, therefore, these superposed autelectronic currents 
had any effect, its magnitude was small—less, for 
instance, than that of the ** cleaned-up ** gas referred to 
in Table 2. 

Thus, although the existence of an autelectronic current 
may be a necessary condition for the earliest initial 
stages of the flash-arc, it is not of itself a suf&cient con¬ 
dition in the case of flash-arcs such as those with which 
we are here concerned, which occur some little time after 
the voltage has been applied and the autelectronic 
emission established. If such flash-arcs do originate in 
an autelectronic emission, it would seem that this does 
not partake of the normal steady form. 

(13) Flash-Arcs Due to Loose Contacts and Pilot 
Discharges, 

We have seen that in the normal process of developing 
a flash-arc there are initial stages during which a con¬ 
siderable amount of energy is consumed in building up 
the highly conducting arc-path which is characteristic 
of the later stages. It is experimentally possible to dis¬ 
pense with the initial stages, or, more exactly, to sub¬ 
stitute something else which leads to the same final 
results. 

The occurrence of flashes in consequence of a variable 
contact between the cathode and an otherwise insulated 
support has been briefly described by Hansford* and 
also by Slepianf in the case of mercury-arc rectifiers. A 
similar opportunity for studying in the experimental 
circuit the effect of a loose tungsten-to-tungsten contact 
was provided by a C.A.T.6 valve returned from Daventry 
5GB on account of persistent flashing. In this valve 
the filament springing was defective, so that the filament 
loops could become distorted until they made contact 
with the grid. 

When a high-frequency voltage was applied to the 
electrodes, the filament being cold, this valve behaved 
normally—even when tapped with a rod—as long as the 
* jTowmflZ/.E.JS., 1927, vol. 66, p. 813. 

t Electrical Engineering [Journal of the A^nerican I,E.E.), 1931, vol. 60, p. 793. 
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filament and grid were both on the low-tension side, 
whether they were connected together or each was pro¬ 
vided with its own low-tension lead. When, however, 
the voltage was applied between filament and grid with 
the peak voltmeters connected opposite ways, there was 
first a small discharge at a very low voltage (less than 
5 k'V) and then a short-circuit. When the valve was 
tapped to break the short-circuit the peak voltmeters 
both gave very large over-readings, and scintillations 
deep down in the valve were seen by reflection. On 
disconnecting the grid completely and applying the high- 
frequency voltage to the anode—so that there would be 
an induced potential difference between grid and filament 
as long as there was no contact, or alternatively any 
contact would have to carry the grid-anode capacitance 
current fiashes were obtained spontaneously at low 
volta.ges of the order of 1 kV between anode and filament. 
The induced voltage between grid and filament must, of 
course, have been lower still. 

The fact that flashes were obtained at such abnormally 
low voltages indicates a great reduction in the initial 
consumption of energy under the special conditions of 
the experiment, for the total energy of the condenser at 
maximum charge for these voltages was much less than 
the usual initial consumption, and thus the normal 
building-up process could not have been completed owing 
to the lack of available energy. In addition, the 
abnormally high readings of the peak voltmeters showed 
that the current pulse had so steep a wave-front that the 
resistors were no longer effectively non-inductive; this, 
again, could only happen if the arc was built up much 
more quickly than usual. We have therefore to suppose 
that in this case a local pilot-arc across the imperfect 
contact acted as an initial source of conducting material 
for the main arc-path from the anode, just as we 
suspected that a previous violent discharge might have 
done in some otherwise ordinary cases. 

There is also evidence* that local discharges across 
insulating surfaces, whether occasioned by the dissipa¬ 
tion of conducting films or otherwise, are attended by 
similar results. Deliberately introduced variable contacts 
and also the inferred breakdown of insuluting films 
on extensive metallic s^\xTi^.cQs are cited by Slepianf 
as causes of back-firing,” i.e. breakdown in the 
non-conducting phase, in the case of mercury-arc 
rectifiers. 

(14) Visible After-Effects of Flashing. 

Certain visible after-eflects of a high-power flash will 
now be described. Although the discharge current in 
the valve represents a short-circuit or heavy overload 
on a power supply of 100 kW or more, the general 
absence of serious effect on the valve is in agreement 
with the experimental fact that the resistance of the 
discharp path in the valve can be quite low, so that the 
short-circuit power tends to be dissipated elsewhere in 
the circuit and not in the valve. 

Visible changes of the electrode surfaces are, however, 
usually produced, although the valve may not be 
seriously harnied. In the triode type of valve, tree¬ 
like white markings appear on the supports of grid and 
filament systems, particularly the latter. Under the 

♦ H. G. Hughes: /.E.E., 1927, vol. 65, p. 817. t Loc. cit 

31 
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microscope the surface oxide is seen to have been 
removed and fused into globules along the edges of the 
markings; sometimes the clean metallic surface thus 
exposed is also fused into globules. Melting of massive 
iron parts and alloying with molybdenum are sometimes 
seen, apparently owing to the striking of maintained 
low-voltage arcs between the leads in the filament 
circuit. 

The extent of the tree-like markings indicates a wide¬ 
spread wandering of the discharge over the supports. 
The movement of the ions in the magnetic field produced 
by currents of many amperes would account for this. 
Such mobility in the discharge is important, since it 
implies that a weak discharge from the grid (which has 
usually series resistances in its external connections) 
might be transferred to the filament, and so to the main 
power circuit. This transference has been studied 
experimentally, as already described. 

If the discharge current passes through two limbs of 
the filament placed side by side, these are often pulled 
together by the magnetic attraction of the parallel 
currents, causing a short-circuit and spoiling the valve. 
The other two limbs may show no distortion whatever. 
That so violent a distortion should occur in the fraction 
of a second before the high-tension circuit breakers 
operate is a proof that the discharge current is very 
large compared with the normal filament heating 
current. 

Visible markings are produced on the anode, but 
these are too vague for significance, with one exception, 
which will shortly be described. 

No effect on the grid mesh has, as yet, been observed. 
The grid wires are fine and should melt relatively ^ily. 
The fact that they do not melt suggests that the central 
active portion of the valve does not take part in the 
arc. In this part of a cooled-anode valve more than in 
any other, the state of the electrode surfaces approxi¬ 
mates to that of the electrode surfaces of a glass valve, 
in which flashes would not be expected. 

In the exceptional case of a loose contact situated in 
the central active portion of the valve, flash-arcs localized 
in the same region are, of course, to be expected. In one 
particular instance of this a water-cooled copper anode 
3 mm thick was perforated by melting opposite to a loose 
contact between a bowed filament and the grid of the 
valve. 

In rectifier valves the visible evidences after flashing 
are different from those observed in triodes, but dif¬ 
ferences are to be expected because the functions of the 
electrodes are transposed. The voltage applied between 
the electrodes of rectifiers is high enough to produce 
flashing only when the filament is positive with respect 
to the surrounding copper electrode. It is found that 
the filaments of rectifiers which have been subjected to 
violent flashing in this reverse direction sometimes show 
pitting of their surfaces due to local fusion, the pits 
being in the central (full-temperature) part of the fila¬ 
ment. The copper opposite the pits shows zones and 
lip.es of disturbance of the surface deposits which, con¬ 
sisting mainly of evaporated tungsten from the filament, 
are usually found in this region of the valve. No tree¬ 
like markings are produced elsewhere, so that nothing is 
likely to be seen on lool^g into the valve. 


PART 11. 

THE FLASH-ARC IN PRACTICAL OPERATION. 

(15) General. 

The operation of similar valves in different kinds of 
installations has shown that the tendency to produce 
flash-arcs varies considerably with the circuit conditions. 
This section describes the behaviour in this respect of a 
number of representative installations, and seeks to 
interpret it in terms of what direct experiment has 
revealed about the flash-arc. It is to be remarked that 
whereas in the experiments the time-lag was deliberately 
reduced for convenience to the order of seconds, the 
time-lags for flash-arcs in operation must necessarily be 
much longer, hours at the least and preferably hundreds 
or thou sands of hours. Nevertheless, nothing is observed 
which belies the supposition that once the flash-arc has 
started it follows the same course, whatever the time-lag 
has been. Section (24) deals with the duration of these 
longer time-lags. 

In what follows here, there is no intention of criticizing 
the design of the respective installations, which were 
regarded as new ventures at the time when the observa¬ 
tions were made. Similarly, as regards the valves, the 
cases quoted are not representative of present-day per¬ 
formance^ which is now generally satisfactory, if not 
everywhere and always perfect. 

The circuits considered are the later power amplifier 
stages of the following installations:— 

(а) A telegraph transmitter of high power at Carnar¬ 
von, and a telegraph transmitter of higher power at Rugby. 

(б) Broadcast transmitters of medium power modulated 
by anode voltage in the last stage (Daventry 5XX and 
Motala). 

(c) Two versions of the Daventry 5GB medium-power 
experimental broadcast transmitter with low-power 
modulation. 

Some general comments will be made on flash-arcs 
occurring in rectifier valves used for the high-tension 
supply in similar installations. 

The differences between the vmous circuits from the 
flash-arc point of view must lie in their response to an 
incipient flash-arc in one of the valves. The following 
is a tentative description of the supposed course of events. 
We have seen from the experiments, and it is no doubt 
generally known, that a short-circuit between the valve 
electrodes in the form of a low-resistance arc can be very 
rapidly built up by the discharge of a condenser through 
the valve. In the operating circuit, therefore, what we 
suppose to happen first is the discharge of the capacitance 
of the valve and its immediate connections. Transfer of 
the arc, e.g. from grid to filament, probably occurs even 
as early as this stage. It is quickly followed by the 
discharge of any condensers in relatively non-inductive 
connection with the valve. Concurrently, there is a 
concentration in the flashing valve of the whole supply 
current to the bank of parallel valves. Then follows a 
growth of the current through the high-frequency chokes, 
more or less delayed according to their inductances. 
This leads to the discharge of the condensers of the 
smoothing system^ Finally, there comes the actual 
short-circuiting of the power supply and the operation 
of its protective devices. ♦ 
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^ sequence of events the arc 

current falls to a low enough value for a long enough 
ime, e arc will go out and the breakdown will be 
harmlessly arrested. Such abortive breakdowns have 
been demonstrated by inserting a resistor and peak 
v^meter or similar quick-acting indicator in the anode 

The following method of suppressing one of the minni- 
stages so as to enforce a delay in the train of events 
may be suggested as an example of a favourable circuit 
conation. In the simple circuit shown in Fig. 5 , the 
anode stopping condenser (or high-frequency output con- 
certain approximately steady charge, 
^en the oscillatory condenser B has its TUfl.yiTnnm 
c^ge, as shown, the voltage between the valve elec- 
trodes IS a maximum and there is therefore the greatest 
probabihty of a flash-arc. The short-circuit in the valve 
j ins and B in parallel, and their charges—being of 
opposite sign—tend to neutralize, performing a damped 
os^lation of relatively high frequency. In general, 
there will be a residue representing the excess of the one 
charge over the other, and this, being shared between C 


last stage of the high-frequency amplifier, working with 
an input of some 80 kW at 9 000 volts supplied by a 
d.c. generator. This transmitter has been working for 
Oj years, and of the 90 valves which haim been in use 
only one has given flash-arcs, and that during the tuning- 
up of the station. The tip of the central support of the 
figment system was melted by the arc; the significance 
of this was not realized at the time. 

The course of ^ variation of the voltage between the 
valve electrodes is simple. A high-frequency voltage of 
probable amplitude about 2 000 volts is applied to the 
gnd. In consequence an intermittent current is pro¬ 
duced in the anode circuit, and this builds up in the 
m^ oscillatory circuit a high-frequency current which 
mduces m the anode circuit a large high-frequency voltage 
superposed on the 9 000-volt d.c. supply voltage. This 
voltage is out of phase with that in the grid circuit and 
m consequence the voltage between anode and grid 
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Fig. 5.—Suppression of the flasH-arc in the high- 
frequency stage. ® 

and B in parallel, subsequently dissipates itself through 
L in a second damped oscillation of lower frequency. 
This oscillation will be of long duration, since it will be 
out of resonance with the output circuits and therefore 
undamped by them. It keeps the arc active while the 
bunt up’*"^^*^* high-frequency choke is being 

In the particular case when the charges in C and B 
are equ^, however, the first or higher-frequency osciUa- 
faon mil neutralize them completely, and the circuit wflT | 
be reduced to premature quiescence. The greater the 
resistance of the connections between C, B, and the 
valv^ the more quickly wiU this change take place If 
now the -^ue of the current through the high-frequency 
choke, which may not as yet much exceed its steady 
value IS not enough to maintain the arc, it will go out 
and the breakdown will have been arrested. 

Thus there might be an advantage in so proportioning 
the voltages and capacitances of the anode stopping 
condenser and the oscillatory condenser that their ch^g^ 
are equal when the latter is charged to the maximum 

(16) Carnarvon. 

The installation at Carnarvon comprises a long-waye 
telegraph transmitter with twelve C.A.T.1 valves in the 


Fig. 6.—^The Carnarvon circuit. 

fluctuates at high frequency between a low value and a 
value at least twice the anode supply voltage i.e. at 
least 18 000 volts. The maximum may be 10 per cent 
or so greater than this, because there is in effect a d.c. 
voltoge of at least 1 000 volts in the grid circuit also. 
As this IS negative to the filament, it has to be added to 
the anode supply voltage before doubling. 

During the spacing periods of the telegraphic signals 
the voltages are much reduced. 

■Il^e parts of the circuit in immediate connection 
with the valve are shown in Fig. 6. The insertion of 
a resistance (fairly non-inductive) of 250 ohms m series 
with the a,node connection of ea,ch individual valve 
merits particular notice, as this arrangement was for a 
tong time peculiar to this station. It was adopted by 
Round as a general protection against parasitic self- 
osallations and valve defects in the early days of the 
development of high-power valves, and it has proved 
very effective m suppressing flash-arcs, as will be seen 
l«er by comparison with other stations. The overall 
^mency is, however, definitely reduced thereby, perhaps 
to the extent of doubling the effective anode losses by the 
use of restotances of so high a value. This restricts 
the use of such a method of protection to valves of 
this size, since with larger valves, each taking a high 
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current, the losses in the resistances would become 
prohibitive. 

(17) Daventry 5XX and Motala (Sweden). 

The Daventry 5XX and Motala installations consist of 
two very similar broadcast transmitters in which the 
anode supply of 9 000 to 10 000 volts (provided by 
rectifiers) to the last stage is modulated by means of a 
speech transformer.'* Daventry 6XX has four C.A.T. 1 
valves in this stage with all their electrodes directly con¬ 
nected in parallel, taking an input of 40 kW, and Motala 
has five C.A.T.6 valves with a total input of 60 kW. 
At Daventry 5XX only two valves out of the first 30 
gave serious flash-arcs. In both, the tip of the central 
partly melted. In addition, however, there 
has been evidence of transitory arcs, particularly in later 
years since the range of modulation has been some¬ 
what increased. Further, some breakdowns of insula¬ 
tion have occurred in the speech transformer, a circuit 
component across which high voltages might be expected 
to appear as a result of discharges. At Motala no 
trouble has been reported, although, as regards flash-arcs, 
C.A.T.5 valves have not behaved well elsewhere. 

The circuit diagram of this t 3 ^e of transmitter is shown 
in Fig. 7. There are no individual anode resistances, 
and a further point of difference from the simple tele- 


.u Speech 

i>n transformer 



5C.A.T.5 •• (Mortala) 

Fig. 7.—^The Daventry 6XX circuit. 

graphic installations previously described consists in the 
inclusion of the speech transformer for impressing the 
low-frequency modulation on the high-tension supply to 
the anodes. The range of this modulation varies con¬ 
tinually according to the type of speech or music trans¬ 
mitted, but it is not supposed to exceed a swing between 
zero and twice the potential of the mean high-voltage 
supply, 10 000 volts. 

This implies, as previously explained, the application 
of high-frequency voltages between grid and anode of 
peak value about twice the maximum supply voltage, 
i.e. about 40 000 volts. This constitutes a very severe 
condition and it is somewhat surprising that the valves 
used have withstood it so well. However, the duration 
of this voltage is necessarily brief, and the time-lag 
associated with the flashing phenomenon may well help 
to prevent its occurrence. The range of modulation was 
formerly rather less (by between 10 and 20 per cent) and 
this may be the reason why flash-arcs have only latterly 
been observed. 

The inductance of the speech transformer is very high, 
and it is most probably this that protects the valves by 
delaying the discharge of the smoothing condenser^ In 
addition to this, but probably of less importance, is the 
limitation of the current from the power supply imposed 


by saturation in the rectifier valves. This limitation 
should, however, reduce the damage in a valve which 
does build up an arc. Although this circuit imposes 
severe conditions, their ill effects tend to be mitigated 
by the properties inherent in it. 

The installations so far described provide examples 
of circuit arrangements which do not encourage 
the development of flash-arcs. Although these have 
occurred, they have rarely if ever been a serious trouble. 
To these installations may be added the short-wave 
beam stations in which the capacitances directly con¬ 
nected to the valve are only of the order of the inter¬ 
electrode capacitances. In these stations the high- 
tension current is taken through a choke of several 
millihenries and is conveyed to each valve through a 
resistance of several hundred ohms. During five or six 
years of operation, in which period some hundreds of 



Fig. 8.—^The Daventry 6GB circuit (first version). 


valves have been employed, no flash-arcs have been 
proved to occur in these installations. 

The other installations now to be considered, Daventry 
6GB and Rugby GBR, each provide a comparison 
between a favourable and an unfavourable circuit. 

(18) Daventry 6GB (First Version). 

The first version of Daventry 6GB was an experi¬ 
mental broadcast transmitter of the kind in which the 
modulation is impressed in one of the low-power stages. 
The last amplifying stage had at first six C.A.T.6 valves 
connected in parallel as shown in Fig. 8, with an input of 
about 90 kW at 10 000. volts from a combination of a 
d.c. generator and valve rectifier operated in parallel. 
Later the circuit was modified by ** subdivision," as 
shown in Fig. 9. 

This station in its original form provided the first case 
of serious trouble from flash-arcs, in spite of the fact 
that (as will be explained) the voltage conditions were 
much less severe than in the 6XX t37pe of circuit. 

Early specimens of the C.A.T.6 l^e of valve flashed 
flrequently, even when the anode voltage was lowered to 
8 000 volts (later 9 000) in order to keep down the number 
of interruptions. 

The connection to the anode of each valve consisted, 



at least at first, of about 5 inches of light fuse wire. 
The fusing of this by the discharge located the valve 
responsible, and probably reduced the softening, in 

most cases the valve was replaced without beine 
“ cleaned-up.” ® 

Later valves behaved very much better than the 
original ones, giving few instead of frequent discharges 
although they were started at 9 000 instead of 8 000 volts! 

The circuit diagram is shown in Fig. 8. The high- 
frequency voltage is already modulated when applied 
to the grids. The high-frequency output of the valves is 
thus modulated accordingly, but the high-tension supply 
voltage remains constant. At fuU modulation, there¬ 
fore, the valves fluctuate between something approaching 
a static condition and the full high-frequency excitation 
rorresponding to the supply voltage. The maximum 
high-frequency peak voltage between grid and anode 
should therefore be about twice the supply voltage, 
i.e. about 18 000 volts. The voltage conditions are 



Fig. 9.—The Daventry 5GB circuit (second version). 

much the same as in a telegraphic circuit, although the 
loadmg is difierent since the average efficiency is low. 

In searching for the source of the trouble encountered 
with this system, it is important to note in the first 
place that the direct paralleling of the valve anodes 
permits a rapid concentration of the total high-tension 
supply current in any valve that begins to flash. This 
current is, in this case, about 9 amperes. Whether this 
IS or IS not quite sufficient in itself to ensure the growth 
Md persistence of a fully-developed arc is not certain. 
As we shall see later, a somewhat larger current did 
maintain a permanent arc. 

Individual anode resistances of various values (100 
ohms at first, but later much less) were used, but these 
did not result in any certain improvement. Since the 
mean anode current per valve was from 1-2 to 1-7 
amperes, it was probably impossible to make them high 
enough. ® 

The next point to be noted is the possibility of dis- 
charging the 0-0066-^F high-frequency output con- 
densera through the valve and the 0-0033-uF tapping 
capacitance of the main oscillatory circuit. This dis¬ 
charge circuit h^ very little inductance indeed. 

Referring again to the circuit diagram (Fig. 8), it will be 
seen that the inductance of the high-frequency chokes 
interposed between the anodes and the high-tension 


supply IS unusually small, only 500 jnH. This is under¬ 
stood to be essential if the modulation of the load is not 
to affect the constancy of the supply voltage. From 
me present point of view, however, it is a disadvantage 
because first the charge in the large 16-uF smoothffig 
condenser, and after that the unlimited current of the 
d.c machine, are much more quickly available for 
buildmg up the low-resistance discharge path in the 
valve. T^ view is confirmed by the improvement 
rMul^ from the increase in this inductance when the 
circuit was changed to the second form. 

2 months' working with the C.A.T.6 valves a 
C.A.R.2 valve was inserted in the lead from the d c 
^chme as a current limiter, the filament being adjusted 
to a saturation current not much in excess of the normal 
workmg current suppHed by the machine. This pre¬ 
vented the opening of the machine circuit-breakers, but 
resulted in a permanent arc forming across the anode- 
fuse terminals when the fuse blew. The current in this 
arc would be some 15 amperes, and a corresponding 
sustemed discharge in the valve is almost certainly 
imphed. This is the more interesting as no special harm 
seems to have been done to the valves. 

(19) Daventry 5GB (Second Version). 

Dimng the last month of operation with the original 
^cmt, some 70 discharges were recorded, coming in 
bursts with quiracent intervals of about a week at a time. 
After the circuit had been changed there were—cleaving 
out of account one abnormal valve—only 7 discharges 
m 3 months’ operation, about 900 hours, and aU these 
^charges occurred in the middle of the second month. 
Four valves, of which one had a very bad record were 
used in both circuits, and of those used in the new 
circuit the majority were of the original set, which were 
potentially bad. It is therefore very unlikely that the 
improvement was in the valves. 

There were several cases of grid-filament contact 
among the valves used in the new circuit, and it is 
possible that without these the few flashes observed 
might not have happened. 

The improvement thus demonstrated at the of 
tlw actual change-over was subsequently confirmed 
when no flashes were reported in a year’s working 
at 11 400 volts, and this in spite of the removal of the 
600-ohm resistances from the anode circuits. Further 
TOnfinmtion of the rarity of the flash-arc in the new 
subdmded ” circuit has since been obtained from the 
transmitters of the B.B.C. regional scheme and other 
sunilar installations elsewhere. 

^Referring to the circuit diagram (Fig. 9), various 
^nges from the former circuit (Fig. 8) will be seen. 
The division of the valves into two ban k s on the “ push- 
puU ’’ principle is probably only relevant to the present 
question in so far as it may permit the use of hi' g^Ar pro¬ 
tecting resistances with a given degree of distortion due 
to their presence. The chief other differences are, first, 
mat the valves ate no longer directly paralleled and there¬ 
fore the concentration of the high-tension supply current 
in a single flashing valve at an early stage in the flas-hing 
IS no longer possible. Secondly, the high-frequency 
output condenser has been subdivided so that each valve 
now has its own unit of one-sixth the former value. This 
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reduction may be important since the energy of the 
charge in this condenser is still very quickly available 
for building up the low-resistance arc, the low-inductance 
discharge path through the main oscillatory condenser 
being retained. 

The high-frequency choke has been similarly sub¬ 
divided, making it possible to increase the inductance in 
series with any single flash-arc to 8 times its former very 
low value. The growth of the arc current is therefore 
correspondingly delayed. 

Further, there is the addition of high protecting 
resistances of 500 ohms placed be hin d the high-frequency 
choke and therefore coming into action only in the later 
stages of the breakdown scheme, since they carry only 
the d.c. component of the anode current. In this 
position they produce no more distortion than a much 
smaller resistance placed close to the valve. Individual 



anode resistances of 50 ohms next to the valve were 
temporarily restored, although it has latterly been more 
usual in similar installations to have an inductance of a 
few microhenrys in parallel with them, which makes 
them ineffective as regards the flash-arc current. 

it is to be remarked that the protection obtained by 
applying this principle of individual d.c. supply and 
high-frequency output is mpre effective the lower the 
power of each valve unit and the greater the number of 
units; conversely, a single high-power valve with an 
equal tendency to flash would be a disadvantage com¬ 
pared with a number of low-power valves connected in 
this way. This argument has, however, latterly lost 
some of its weight, since the experience of the past year 
has shown that higher-power valves have definitely less 
tendency to flash than the low-power ones had at the 
time we have been considering. 

(20) Rugby GBR. 

The Rugby GBR station consists of a telegraph trans^ 
mitter of very high power employing in the last ampli¬ 
fying stage, or main panel (Fig. 10),' 54 valves with an 


input of nearly 500 kW at the relatively low voltage of 
6 500 to 7 000 volts supplied by a d.c. generator. The 
preceding stage has three valves supplied from the same 
source. The comparison between the two stages is 
interesting for our present purpose because, although 
flash-arcs were frequent at first in the main panel, they 
were non-existent when similar valves were employed in 
the intermediate panel. 

The valves with whose behaviour we are here concerned 
(of a type known as V.T.26) were very similar to their 
predecessors and contemporaries, the C.A.T.l valves at 
Carnarvon and Daventry 5XX. They had all been oscil¬ 
lated more than once for half an hour with an 18-kW 
input at 12 000 volts, and most of them had also been 
oscillated at 15 000 volts with a 200-ohm anode resistance. 
In consequence of these tests no trouble from flashing at 
lower voltages was expected. 

In operation, however, flash-arcs were frequent in 
the main panel; the times of their occurrence in this 
first batch of valves are given in Section (24) as an 
example of the distribution of time-lag. It was indeed 
only the residue after the elimination of a considerable 



Fig. 11.— The Rugby GBR circuit (intermediate panel). 


proportion that gave satisfactory operation. With 
54 valves in operation at once, satisfactory operation*— 
as now attained—means that flashing must be a rare 
occurrence. 

The circuit diagram for the main panels, of which 
there are three of 18 valves each, is shown in Fig. , 10. 
The circuit for the preceding intermediate panel of three 
valves is given in Fig. 11. In the main panels there is 
nothing that is likely to be effective as a protecting 
resistance. The individual grid resistance of 120 ohms 
is barely large enough, and, as will be seen later, the 
main discharge does not take place in the grid circuit. 
The resistances on the anode side are intended for the 
suppression of short-wave oscillations, and are ineffective 
for the present purpose because they are shunted by 
inductances of relatively small value. 

The direct consequences of; its size distinguish this 
circuit from those so. far considered; everything is oh a 
very large scale. The total high-tension current has a 
value of some 70 amperes, which according to the 
experiments corresponds to a fully-developed arc of low 
resistance. Since the whole of this current will con- 
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centrate rapidly in any valve which has begun to flash, 
the full development of any incipient flash in this circuit 
seems almost certain. Further, there is to be considered 
the discharge of the condensers associated with the 
valve; this will, in this case, proceed concurrently with 
the concentration of the high-tension current. Here we 
have to note the great size (2 fiF) of the high-frequency 
output condenser C, which is always charged to a d.c. 
potential equal to that of the high-tension supply 
(6 600 volts), and secondly that the tapping to the mam 
osciUatory circuit is not connected to the inductance but 
to a large condenser.B (0-7 to 1-05 /zF), the other side 
of which is directly earthed. The energy available in 
this condenser system is very considerable, and, although' 
not sp large as that in the smoothing condenser of the 
first Daventry 6GB circuit (Fig. 8), it is more quickly 
available for building up a low-resistance discharge path 
in the valve because the total inductance in the circuit 
is so small, apparently not more than 100 uH as against 
the 600 jaH at Daventry 6GB (first version). 

For the further maintenance of the arc after the 
initial sharing of the charges of condensers C and B 
there will be (as already described in connection with a 
simile circuit), the succeeding stage, very long-drawn- 
out in this case owing to the low natural frequency of 
the circuit, namely the dissipation through the 400- to 
600-^H inductance of the residual charge in C and B and 
also the original charge in A. By the time all this is over, 
the ina-ease in the current through the high-frequency 
choke, starting at the rate (EfL) of some lO^ amperes 
per sec., will have gone far enough to ensure the handing- 
on of the short-circuit to the smoothing condensers and 
the low-inductance d.c. generator. 

To suin up, in each stage of the whole train of events 
the conditions are such as to encourage the growth and 
iMmtenance of any incipient flash, but the concentration 
of the supply current arising very early and persisting 
throughout might very possibly be sufficient in itself to 
cause a flash-arc. 

The conditions in the intermediate panel (Fig. 11) are 
more favourable to the valves. The total supply current 
IS only 4 or 6 amperes, the condensers have less than one- 
te^h the capacitance, and in addition there is inserted 
between the valves and the high-frequency output con¬ 
denser a fair-sized inductance (800 itH) shunted by a 
resistance of 740 ohms. Thus, without taking into 
account the lower voltage, the conditions are probably 
^tter than at Daventry. This is borne out by the fact 
t^t none of five valves used in this circuit have flashed, 
mthough they are even earlier specimens than those in 
the mam panel and have run for many thousands of 
hours. 

• ^ the parts played by the grid and filament 

in the discharge, certain tentative conclusions can be 
drawn from what has been observed in the main panels 
* 1 , place, , the violent distortion of 

tte filaments m some cases and the markings on the 
fitement supports m others, show that the main dis¬ 
charge passed that way. Further, each valve on the 
panel has an overload relay placed next the valve and 
operated by the anode current. This relay operates the 
mam high-tension circuit breakers for the whole installa¬ 
tion. The grids of the valves are connected by way of 


tteir individual 120-ohm resistances with a common grid 
busbar. In consequence, if the discharge in any one 
■valve took the form of a short-circuit between grid and 
anode it would be expected that the potential of this 
busbar would be raised to a sufficiently high positive 
■value to increase the anode current of all the valves to 
the saturation figure (about 6 amperes). This current 
would operate the anode relays of all valves. Now it is 
^Idom or never found that more than one anode relay 
IS operated by a discharge; hence the discharge does not 
^t m such a way as to keep the grid positive to the 
nlament for any appreciable time. 

In single-valve test circuits, however, where grid 
leaks of higher resistance were used, it was found that 
^h a simple grid leak (even of as low a value as 
3 000 ohms) and no sensitive anode relay, the first effect 
of a discharge was a violent bombardment of the grid. 
That this was due to a reversal of the action of the grid 
leak initiated by a discharge between grid and anode 
was confirmed by the fact that the same effect was 
produced by momentary connection of the grid (through 
a 2 000-ohm resistance) with the anode outside the 
valve. It is known, of course, that given a sufficiently 
high-resistance grid leak the grid can be maintained at a 
I^sitive potential owing to the secondary emission from 
the grid providing a reversal of the grid current. This 
effect showed that the initial discharge did often take 
place between grid and anode. 

When'a battery was connected across one half of the 
3 000-Ohm leak so that the potential across this half 
could not reverse, the effect disappeared both with 
mternal discharges and with external short-circuits. 
The former condition is dangerous because the violent 
bombardment, in which the grid lights up very brightly, 
softens the valve. In general, whenever there is any 
likelihood of flashing, grid leaks of high value should 
not be used unless shunted by batteries. 

So far then, it seems that both grid and filament can 
take part in a discharge, but that in operation the nature 
of the external circuit affects the result. 

(21) Flashing Under Operating Conditions_ 

Summary FOR Triodes. 

. The results of this comparative study of the incidence of 
flashing in various installations will now be summarized. 

If the use of valves of the 10- to 15-kW size had been 
confined to stations such as Carnarvon, Daventry 5XX; 
the .^short-wa,ve beam stations, and the later broad- 
^stmg stations similar to the second version of 
Daventry 5GB, flashing might not have been regarded 
as an important matter. It was the early history of the 
tot version of Daventry 6GB and of Rugby GBR that 
brought the flashing problem into prominence, and gave 
warning that all was not well with the quality of the 
valves and that there was an element of danger in the 
expansion of installations to larger and larger sizes. 

As regards the circuit arrangements, comparison of 
the results obtained in the various installations con¬ 
sidered has brought out the following points:— 

(a) Direct paralleling of anodes seems to be dangerous 
if It permits immediate concentration in the flashing 
valve of currents exceeding a minimum value, which 
probably lies between 5 and 10 amperes. 
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(b) The smaller the high-frequency output condenser, 
and— 

(c) The larger the inductance included between each 
valve and the high-tension supply, the safer the circuit. 

(d) Individual anode resistances constitute a good 
safeguard, but it is apparently only in valves of the 
C.A.T.l or 10-kW size that they can be made high 
enough to be effective, and even then the consequent 
loss of efficiency is not desirable. 

(e) Resistances in the high-tension supply are useful. 

(/) The larger the valve, the more difficult it becomes 

to obtain protection by suitably arranging the circuit; 
it is therefore essential that large valves should be made 
as perfect as possible in themselves, independently of 
circuit conditions. 

As regards the valves, the progressive improvement in 
later years at Rugby, where operating conditions have 
remained unchanged, shows that immunity from 
flashing is not only possible but has in large measure 
been achieved even under difficult conditions. 

It was without doubt fortunate that the warning came 
when it did, because if it had been postponed until 
larger valves had come into use, opportunities of obtain¬ 
ing operating results would have been fewer and the 
number of valves used would have been too small to 
provide reliable statistical data such as are discussed 
in Section (24). As it is, the results so far obtained 
for large valves of approximately 100 kW compare well 
with the later results for the smaller valves, although 
the circuit conditions cannot be so favourable and 
although the valves have been operated at higher anode 
voltages. 

(22) Rectifier Valves. 

Comment on flash-arcs in rectifier valves is neces¬ 
sarily more speculative than in the case of triodes, 
because there have been no cases of persistent trouble 
capable of yielding definite statistics for comparing the 
behaviour of similar valves in different circuits. 

When a rectifier valve is in use the voltage across it 
is only high if the valve is non-conducting and the 
filament positive to the anode. This reverse voltage 
has a maximum value which is usually about twice the 
d.c. output voltage of the installation. 

The intermittent short-circuiting of the highly 
inductive transformer circuits by flash-arcs in rectifiers 
has no counterpart in circuits in which triodes are 
ordinarily used. It gives rise to surges having very high 
voltage maxima, which are revealed by sparking over 
the glass between filament and anode, and must often 
exceed 100 000 volts; they have also caused trouble by 
producing flash-overs elsewhere. Ample clearances are 
therefore desirable. 

Since several rectifiers are usually associated with a 
polyphase transformer combination, surges due to one 
valve may set up flashing in others which are in them¬ 
selves reliable. The valve initially responsible is not, 
therefore, always readily located^ and flashing in recti¬ 
fiers is troublesome out of proportion to the frequency 
of its occurrence, which with most types of rectifiers is 
happily not great. Relays indicating reverse currents 
have been found useful in this connection. 

The arc current in the flashing valve must, after 


static charges in the associated capacitances have been 
disposed of, pass through the conducting companion 
valve or valves in the opposite phase, and will be 
limited by the thermionic emission of these valves if 
they do not immediately flash in the conducting direction. 
Hence it would seem to be better to distribute valves 
among a larger number of phases, rather than to increase 
the current in each of a smaller number. 

No explanation is forthcoming for the fact that while 
the occurrence of flashing in 2-phase, 4-phase, and 
various 6-phase circuits is quite obvious, in 3-phase 
circuits it is apparently not so. Valves failing in 
3-phase circuits are described simply as '' soft,'' and no 
interruptions or difficulty in locating defective valves 
have been reported. 

PART III, 

THE TIME-LAG OF THE FLASH-ARC.* 

(23) Short Time-Lags. 

The fact that the flash is in general preceded by a 
quiescent interval or time-lag is an important charac¬ 
teristic of the flash-arc. The available data relative to 
the time-lag are divided between two ranges, (a) short 
time-lags of a few seconds or minutes, and (&) long time- 
lags of tens, hundreds, or thousands of hours. This 
section deals with the short time-lags of range (a ). 

Many experiments have been made with the object of 
studying the complex variations of the voltage required 
to produce a flash after a short time-lag. An early sus¬ 
picion that there might be some connection between the 
length of the time-lag and the applied voltage led to the 
adoption of time schedules for raising the voltage by fixed 
steps of a few per cent at regular intervals until a flash or 
flashes occurred. One result of this procedure has been 
to show that, so far as short time-lags are concerned, 
there are many other factors which influence the flashing 
voltage to a much wider extent than variation of the time 
of application. Experimental determinations of the 
relation between time-lag and voltage are therefore not 
easily obtained, particularly since some at least of these 
other factors are likely to vary spontaneously with time 
to such an extent that the results can hardly be trusted 
for time-lags as long as an hour or so. In the absence 
of sufficient knowledge and control of these other factors, 
indications. as to the nature of the voltage/time-lag 
relation can only be obtained in those cases in which 
there is actual evidence that these factors were for the 
moment constant, or at least sufSciently so for the 
voltage to be the determining factor. We shall quote 
two such cases. 

In both instances the cathode consisted of a loop of 
wire 2 mm in diameter suspended in an unbombarded 
copper cylinder connected to the pump. In the first 
case the wire was of molybdenum, but the surface 
deposits left after wire-drawing—consisting of a mixture 
of finely-divided metal, oxide and graphite—had been 
deliberately retained as a means of obtaining a long, 
regular succession of flashes. In the second case, which 
gave a similar result, the cathode was of clean nickel, 

* Hull and Burger have used this term “time-lag’* in a different sense, 
namely, to denote the duration of the transition from the pure electron disdtiarge 
to the arc, i.e. what we have called the “ initial stages of the flash-arc.” 
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and this also exhibited regular flashing. In both cases 
the condenser which discharged through the flash-arc 
a small one (about 100 fiftF) and the inductance of 
the discharge circuit was some 40 fiR. In these cir¬ 
cumstances the oscillatory discharge was very heavily 
damped, being limited almost to a single pulse of current. 
The condenser was recharged relatively slowly and 
surge over-voltages from the transformer were prevented 
in the flrst case by inserting between discharge condenser 
and rectifler, flist, a liquid resistance of 8-5 megohms 
tten a condenser to earth of 0-0015 ^F, and finally a 
further resistance of 1 megohm. In the second case the 
filament of the rectifier was simply dulled until its emis¬ 
sion was reduced to a few milliamperes. 

In the first experiment, that with the uncleaned 


be taken as expressing in another way the diininigTiiTig 
influence of the factors responsible for the initial low 
value of the flashing voltage. This diminution can, of 
course, be iMerred directly in this experiment from the 
progressive increase in the voltage necessary to produce 
flashing with a given short time-lag. 

In the second case (nickel cathode) a state of higher 
coMtancy was reached in which flashes occurred at 
fairly regular intervals of 1|- minutes over a period of 
47 minutes at 61-6 kV. After this the voltage was 
lowered and then raised again rapidly to 63-2 kV, i.e. a 
value higher by nearly 3 per cent, and a flash occurred 
at once. On again lowering and raising to the previous 
value (61-5 kV) the next flash came after a distinctly 
longer lag, and, on repeating, after a longer lag still. 



Fig. 12.— ^Time-lag and raising of applied voltage. 


molybdenum cathode, the discharge voltage was raised 
from 19 kV in steps decreasing from 10 per cent to 
5 per cent at intervals of roughly 6 minutes until 42 • 5 kV 
was reached, at which point the voltage was held steady 
for 33 minutes. In this period 20 flashes were recorded. 
On lowering the discharge voltage to 27 kV no 
occurred in a period of 2 hours. Reducing the voltage 
to two-thirds of the value for a time-lag of li to 
3 minutes produced a large increase in the duration of 
the lag. After these preliminaries were over the voltage 
was raised again in steps of 4 per cent until 46 kV was 
rea(±ed. Resuming next day at 46 kV. further 
at this and higher voltages up to 54 kV were obtained 
(see Fig. 12). . : ■ 

The fet st^ shown (46 to 47-5 kV) produced a flash 
in 1 mmute after a previous quiescence of 5 minutes 
and ^e last (52 • 6 to 54 kV) a flash in a few seconds aft®? 
10 mmutes’ quiescence. Granted the connection between 
voltage and frme-lag thus demonstrated, the progressive 
increase of time-lag while the voltage was steady can 


These results epmplify the general rule arrived at ‘ 
from numerous similar but less completely recorded 
e^eriments, that, other factors being constant, a reduc¬ 
tion of 3 per cent in the voltage results in an increase 
of time-lag from values of the order of seconds to values 
of the order of minutes. The ratio of increase may be 
^ low as 10 : 1, but it is hardly likely to be less. This 
is one of the properties of the flash-arc which have to be 
explained by any theory of its initiation. 

Two such theories which have been tentatively con¬ 
sidered will now be briefly stated. Both have as their 
basis the assumption that the first stage of the flash is 
an autelectronic or “ field ” emission of electrons from 
some smaU area of the cathode where the conditions are 
locally favourable. Snoddy's recent oscillographic deter¬ 
minations of the agreement of the initial current/voltage 
relation with the autelectronic law 

Joce-i/F 

now lend support to this assumption. 


• • ( 1 ) 
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The first theory supposes the flash to be due to a 
sudden autelectronic current arising from points formed 
by some kind of surface rupture under the influence of 
the applied field. This idea is attractive because such 
mechanical yielding requires time. The relation between 
time and stress has been determined for the fracture of 
single crystal wires by Goucher* and by Schoenbom.f 
Both find that the time t and stress s are connected by 
an exponential relation t oc e^. Goucher^s results show that 
with the specimen at 1 000° K. a 10 per cent increase of 
stress multiplies the time-lag by about 50. Schoenbom 
finds the time-lag to be multiplied by about 10 (pre¬ 
sumably at room temperature) by a 10 per cent increase 
of stress. However, since a field as high as 10® volts 
per cm is required to give a surface stress of 5 kg per 
mm^ (3*5 tons per sq. in.) and tensile strengths vary from 
0*5 kg per mm^ for soft metals up to 50 to 140 kg per 
mm2 for strong metals, it is clear that, when the 
general surface field is of the usual order 3 X 10® volts 
per cm and the general stress only 5 x lO”"® kg per mm^, 
mechanical rupture: demands both local enhancement of 
the field and local weakening of the material. A sharp 
projecting fragment having a small area of attachment, 
or which did not adhere strongly, would satisfy both of 
these conditions. The formation of new points by the 
rupture would result in further enhancement of the field 
and sudden heavy autelectronic currents such as might, 
other conditions being favourable, initiate a flash-arc. 
This theory is consistent with the commonly observed 
progressive rise of flashing voltage by '^fatigue,'* as 
illustrated for the first time-lag experiment in Fig. 12, 
and is applicable to cathode surfaces which have a 
structure less compact than a solid metal, as exemplified 
by the uncleaned molybdenum of the first experiment, 
or by rusty iron surfaces such as have given repeated 
discharges with displays of meteor-like trails. We 
should, however, expect fatigue to be permanent, whereas 
it is not always so, and the case of the,solid metal surface 
still remains. 

The second theory supposes that what is required to 
initiate a flash when other necessary conditions are 
favourable, is an autelectronic current above a certain 
critical value. It is not, however, necessary to suppose 
that this current has to be maintained for more than a 
very short time. Our conclusions as to the duration of 
the initial stages of the flash suggest that a fraction of a 
microsecond might be enough. If now an autelectronic 
current is present and is subject to spontaneous fluctua¬ 
tions distributed in amplitude and time in a manner 
analogous to the Schrot effect for thermionic emission, 
then the lower the voltage the lower will be the average 
current and the greater must be the ratio of the 
momentary enhancement required to reach the critical 
value of current to the mean fluctuation. Now the 
greater this ratio the less is the probability of its occur¬ 
rence in a given time, i.e. the greater the average time- 
lag. A rough numerical test shows that an increase of 
time-lag in the ratio 10 :1 might in this way quite well 
be associated with a decrease of 3 per cent in voltage. 

Against this theory it can be argued that the presence 
of an autelectronic current does not apparently have a 



marked effect on the tendency to flash. However, 
autelectronic emission is a very local effect, ahd other 
necessary conditions may not be present in the limited 
area of its impact on the anode. If, therefore, we are 
content to regard the preliminary autelectronic current 
as a necessary condition of the flash, but.not as a sufficient 
condition, the Schrot effect is a possible explanation of 
the time-lag. 

Neither of these two theories is consistent with all the 
facts, but such consistency is not really necessary, since 
the factors known to influence the flashing tendency are 
so numerous as to point to the possibility of more than 
one way of initiating the flash. 

In the experiments of Hull and Burger and of Snoddy 
the voltage was not applied continuously but in the form 
of an impulse the shape of whose rising wave-front was 
known. The time-lag,'* in our sense of the term, has 
no meaning under such conditions. It would seem, 
indeed, that if the voltage wave rose continuously to a 
sufficient height, no effect of this kind could occur. 

The use of voltage impulses oif varying duration and 
amplitude suggests itself as a suitable method of investi¬ 
gating very short time-lags. - 

(24) Long Time-Lags. 

The long time-lags now to be considered cover a range 
in time from a few hours to over 10 000 hours. Informa¬ 
tion about these time-lags is necessarily, therefore, only 
to be obtained from valves in operation. 

The principal requirements for statistical study, 

. namely, uniform conditions covering a sufficient number 
of definite individual cases, are fortunately well satisfied 
by the data provided by the large transmitter at Rugby 
GBR. Here the supply-voltage variations, such as 
they have been, are ascertainable and the modulation 
takes the definite form of low-speed keying. Each 
individual valve has an anode-current relay, and although 
the flashings are, of course, seldom actually observed, it 
is very rarely found that more than one relay has been 
operated. In addition to acting as indicators, these 
relays automatically interrupt the main power supply 
in about \ sec., so that the duration of the flash is also 
definite. The procedure is that after the shutdown the 
valve responsible is isolated; later on it is removed to a 
single-valve test circuit for examination, and if the result 
is satisfactory it is put back into operation. 

Two series of results obtained in connection with this 
installation have already been described by Hansford.* 
The following results were obtained using valves of 
rather different construction and manufacture. They 
deal in the first place with the time interval for each 
valve of a batch between the beginning of operation and 
the occurrence of the first flash, and secondly with the 
time between replacement in operation and the second 
flash. 

A complete survivor curve for a batch of valves, all 
of which have flashed once and (this is of importance 
statistically) none of which have failed for any other 
reason, is plotted in Fig. 13. The ordinates representing 
the number of valves surviving are on a logarithmic 
scale. This scale has the advantage that it makes the 
slope of any part of the plot a measure of the proportion 

♦1927, vol. 66, p. 812. 
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of the valves then surviving which will flash in a given 
short interval of time. The difliculty of indicating on 
this scale the time of flashing of the last valve of all is 
evaded by locating the observed points near the middle 
of the rising faces of the '' steps '' which constitute the 
curve.'’ This device is essential if one curve for a 
small number of valves is to be compared with another 
for a larger number. 

Inspection of the plot and also of Figs. 16(^2) and 16(6), 
which will be considered later, shows that the successive 
step of the curve " follow a fairly regular course, 
quite as regular as is to be expected in view of the not 
very large number of valves in each batch. This 
implies that however ignorant we may be of what is 
100 r----- 
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Fig, IS.—Survivor curve for 23 valves at Rugby GBR.’ 


actually going on in any particular valve, the tendency 
to^flash can be analysed for a group of valves so as to 
define certain properties, desirable or otherwise, possessed 
by the group. ^ 

Since most of the valves were put into operation at 
the same time, it might be thought that the form of the 
curve was influenced by possible changes in operating 
conditions. That this was not the case to any marked 
extent is shown by the fact that the lives of valves 
which were not put into operation until some time after 
the start, fit in satisfactorily with those of the original 
set. This is confirm^ by the fact that proportionately 
more numerous cases of this sort occurred in batches 
other than those shown here. As regards the variation 
particular, which ranged between 
6 600 and 7 100 volts, it is noteworthy that the main¬ 
tenance of a high value (between 6 800 and 7 100 volts) 
over a period of 2 400 hours (6 months' operation) pro- 


dupd no marked increase in the incidence of flashing. 
This leads to the important conclusion that where long 
tpe-lags occur, the voltage effect to which the short 
time-lags are so sensitive is masked by some other over¬ 
riding factor. This point will be considered further 
later on. 

As regards the time scale, since the station, although 
on a regular daily programme, was not operating con- 
tipously, the time variable has a certain " atomicity " 
with a structural unit of about 12 hours. 

We can now proceed with the discussion of the form 
of the survivor curve. If the curve for a very large 
number of valves is plotted wi& logarithmic ordinates, 
the meaning of any straight-line portion of the plot is 
simply that the proportion of the valves surviving at any 
given time which flash during a fixed succeeding interval, 
e.g 3 per cent in 100 hours, is constant for the valves 
included in that particular section of the plot. The 
equation of such a linear plot is 

N = .(2) 

where N is the number of valves surviving at time t 
out of the original very large number This is the 
form of survivor curve quoted by Hansford in connection 
with the two cases he describes, in which the whole plot 

approximates to a single straight line. 

I The interpretation of such a linear plot would seem 
at first sight, to be quite simple and definite. It can 
mean that the constant a represents and defines a simple 
property of the group, namely, that however far the 
process of eliminating valves by flashing may have gone 
and however long the lapse of time may have been, the 
fraction of the survivors which wiU fail in a given small 
interval of time is a constant. 

That the group as a whole should possess this simple 
property is somewhat surprising; we should hardly 
expect the valves of a batch to be similar and unchanging 
in this way. Further examination shows that the 
similanty within a batch may be more apparent than 
real. Although it is certainly mathematically true that 
the sum of two quantities, cannot be equated 

to an equivalent quantity of the form consideration 
of hypothetical cases shows that when one plots a com¬ 
posite survivor curve for a number of batches charac¬ 
terized by different constants a, 6, etc., having values 

spread out regularly over a certain range, the form of the 

resultant plot cannot in fact be distinguished from a 
straight line. The simplest interpretation of a linear 
plot is not, therefore, necessarily the one to be 
adopted. 

^ The plot shown in Fig. 13 is certainly not of the simple 
toeax form, and further consideration of it is illuminating. 

It should be mentioned that the form characterized by a 
decreasing slope as we proceed down the logarithmic plot 
from^ left to right, is the shape generally found for 
survivor curves of batches of flashing valves, and Fig 13 
shows a case in which the change of slope is particularly 
marked. 

The local irregularities, consequent on the compaxatively 

smril^number of valves in. the batches available, ma>A it 
a difficult matter to follow variations of slope. It is 
better, therefore, to use a more suitable method than that 
of the simple logarithmic plot. Some unpublished work 
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by Ryde in this field provided several suitable functions 
for survivor curves of this t37pe. If we take 

N = .(3) 

as a possible equation for the theoretical survivor curve, 
the co-ordinates used in Fig. 14 will give a linear plot. 


of survivors flashing in a given interval, say 100 hours, is 
given by the relation 

P{t) = .(4) 

The variation of the flashing tendency so derived from 
the survivor curve of Fig. 14 is shown in Fig. 15. 



Fig. 14.—Survivor curve illustrating agreement with equation N = N^e “* 


Reference to this figure shows that the observed points 
follow a straight line fairly closely. The small adjust¬ 
ment provided by using {t — 23) in place of t improves 
the fit for the three lowest points and does not appre¬ 



ciably affect the remainder of the curve. For other 
batches adjustment has not been necessary. 

If now we take (3) as the equation of the survivor 
curve, the ‘‘ tendency to flash defined as the percentage 


If c had been unity, the survivor curve would have 
had the simple exponential form exemplified in the 
cases quoted by Hansford, but the initial steep fall 
of the curve in Fig. 15 would have been totally 
absent. The condition c == 1, in fact, defines a singular 
case. 

The general case, c < 1, brings into the statistical 
scheme those few and otherwise anomalous cases of flash¬ 
ing during the first few hours of operation which have 
still persisted in later batches of valves where flashing is 
evidently rare, although a long time yet must elapse 
before all the valves in these batches will have flashed 
and thus made it possible to plot complete curves. 

Returning now to the case shown in Fig. 16, a curve of 
this form has two possible interpretations, which are not 
mutually exclusive. First, we can regard the flashing 
tendency as a property of the residual valves surviving 
at a given time after the elimination of those which have 
flashed before that time. The fall in the curve may thus 
be the result of the elimination of sub-groups of valves 
having a “ high intrinsic tendency to flash.'V To define 
this idea more precisely, we may suppose the batch of 
valves represented to be a composite of sub-groups whose 
separate survivor curves, if there were any way of 
separating out these sub-groups, would have different 
forms such as etc.,, to take a simple case. 

The form of the curve in Fig. 16 implies that most of the 
valves would have to be assigned to sub-groups having 
e^eme values, large or small, for these p% representa¬ 
tives for the medium values being scarce. 

The intrinsic tendency so defined need not vary with t 
(in the above example it does not), and the distinction 
between this first interpretation and the second one is 
clearest when it does not so vary. Comparative analysis 
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of the survivor curves of various batches of valves shows 
that this intrinsic tendency does probably exist. 

The second interpretation has a different basis. Here 
we regard the flashing tendency as a property of the 
survivors, in the sense that its value represents a physical 
result of operation during a given interval of time. 
According to this interpretation, the fall in the curve is 
the expression of a progressive change during life, and a 
change in the direction of a diminution in the activity 
of the causes of flashing, whatever they may prove to be. 
In the latter part of this section the experimental results 
of a simple alteration in the procedure of operation will 
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Fig. 16{«).—First-life survivor curve for 13 valves at 
Rugby GBR. 

be descnbed. These results can be interpreted as an 
enhancement of this favourable change. 

Hence we have some support for this second interpreta¬ 
tion also. The two interpretations, as now explained 
axe clearly not mutually exclusive. 

To sum up, the analysis of the general form of the 
survivor curve (concave upwards on the logarithmic plot) 
revea^ two possible and, as it now appears, probably 
ro-e^t^, properties of valves under the conditions of 
Rugby GBR. These are that the valves start with dif¬ 
ferent mtial tendencies to flash, and that the tendency 
to flash ^i^shes during life, and particularly rapidly 
during the first few hundred hours. 

^ Comparison of the survivor curve (Fig. 166) for the 
second hves ” of valves which have been put back into 
operation after having flashed once, with the nripr.Pi 
survivor curve (Fig. 16«) for the same 13 valves (part of 


the batch of 23, the results of which are shown in Fig. 13) 
reveals another feature of the flashing tendency. The 
average of the second lives (1 324 hours) is nearly the sam e 
as that of the first (1 134 hours); the two survivor curves 
are also of substantially the same form. In the widest 
sense, therefore, the fact that there has been a previous 
flash has not, on the average, affected the second one. 
Such a result would follow, of course, if every valve that 
had a short first life had a short second one, and similarly 
for the long lives. This, however, is not what actually 
happened. Table 3, in which the valves are grouped 
according to the relation between the lengths of the 
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Fig. 16(6).— Second-life survivor curve for 13 valves at 
Rugby GBR, 

first and second lives, shows that there is no such con¬ 
nection between the two. 

The first flash does make a change, but the change is 
equally likely to be in either direction. If it were possible 
to arrange individual valves in order of their intrinsic 
tendency to flash, as shown in the first life, the arrange¬ 
ment would be completely re-shuffled for the second life. 

This random change in the second of two long time- 
lags has its parallel in the changes of flashing voltage 
under conditions of short time-lag. Here it is found that, 
although the effect of a succession of weak flashes is, in 
general, a rise in the flashing voltage, yet if the flashes 
are rather more violent the reverse effect—a fall of 
voltage—is quite common. Thus under the right condi¬ 
tions a random alteration could quite conceivably occur. 

, Since a valve which flashes in the Rugby GBR 
circuit must pass very large currents, large changes in 
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the flashing tendency, and consequent re-shuffling of the 
second lives, are to be expected. 

The general form of the survdvor curves obtained in 
the course of several years of normal operation having 
been dealt with, an experiment w^hich showed that this 
form is dependent in an important respect on a particular 
feature of the operating conditions will now be considered. 

After the Rugby GBR transmitter had been in opera¬ 
tion for some time, it was noticed that flashes were 
occurring rather more often between 8 and 10 a.m. than 
at any other hour of the day. Investigation showed that 
with very little variation some 33 per cent of the flashes 
occurred in this 2-hour period. Now the longest and 
most regular interval in the daily programme is a period 
of about 5 hours in the early morning, operation being 
resumed a little before 8 a.m. It was evident, therefore, 
that something which occurred during this interval was 

Table 3. 


Comparison of First and Second Lives for Valves in 
Figs. 16 (< 2 ) and 16(5). 



First life 

Second life 


hours 

hours 

r 

147 

42 

Both lives short .. .. .. J 

92 

16 

4 cases .. .. .. .. ) 

121 

25 

1 

25 

176 

First life short, second long .. J 

173 

3 617 

2 cases .. .. ,. .. | 

302 

5 854 


7 124 

163 

First life long, second short 

3 409 

398 

4 cases . * 

959 

62 


988 

67 

Both lives long 

609 

1445 

3 cases .. .. .. .. ' 

1091 

1 652 


804 

3 760 


temporarily increasing the tendency to flash, and it must 
have been something for which a shorter interval would 
not suffice. Since the intervals increase the tendency to 
flash, they may well be supposed to do so by enhancing 
that overriding factor the existence of which was 
postulated to account for the fact that long time-lags 
are relatively independent of voltage. Any clue to the 
nature of this factor is, of course, of great practical 
importance. 

The cooling of the hot parts of the filament and grid 
systems after switching off is an obvious result of the 
interval, and it might well have a temporary effect on 
the subsequent working if it went far enough. Although 
ms coohng is rapid at first, it is a slow process when the 
thennal emissivity has fallen from the high value charac¬ 
teristic of incandescence to the very low value it has for 
a bright metal at a moderate or low temperature. As 
long as 5 hours might well be needed for cooling if the 
temperature of these parts had to be near that of the 
Mode for m hour or so. These considerations suggested 
expenment of restricting the cooling during the 
intervals by nev^ switching off the filament completely, 
although, since fairly complete coohng was assumed to 


be necessary, it was thought suf&cient to reduce the fila¬ 
ment voltage to one-half, at any rate for the longer 
intervals, as this would reduce the additional power 
consumption and prevent needless evaporation of the 
filaments. 

Two experiments were carried out on these lines, and 
both gave the same definite result of eliminating the 
greater part of the initial rapid fall of the survivor curve 
given by a number of similar valves identical in t}q)e and 
of contemporary manufacture, which were run as control 
experiments under the normal conditions of intermittent 
operation. 

The period of operation in the intervals of which the 
filaments were kept hot was 641 hours in the first 
experiment and 701 in the second. The filaments were 
switched off for a time on the five Sundays included in 
each of these periods. These intervals did not afiect the 
result. In the first experiment there were more control 
valves than experimental, and vice versa in the second. 
Combining the results of the two experiments, 2 valves 
flashed after J hour and hours respectively, i.e. before 
they had had time to qualify for inclusion in the experi¬ 
ment by having their filaments kept hot in an interval. 
Among the 22 valves the filaments of which were kept 
hot, there were no flashes at all in the 641 to 701 hours of 
operation, whereas among the 37 control valves operated 
normally with the usual intervals there were 8 cases of 
flashing, regularly spaced during the same period. The 
comparison shows that the reduction in the number of 
cooling periods had a very marked effect on the tendency 
to flash. Further, when operation of the e.xperimental 
valves was continued for a further period of 1 200 to 
1 600 hours in the normal intermittent way, only one 
flash occurred (and this after 400 further hours) among 
the 22 valves. Four of the control valves flashed during 
a similar additional period. This shows that the 
tendency to flash was not merely postponed; the im¬ 
provement was permanent. 

These experiments thus demonstrate the existence of 
a process of spontaneous improvement such as was sug¬ 
gested by the second interpretation of the generally- 
observed progressive decrease in the tendency to flash, 
exemplified in Fig. 15. > 

The beneficial effect of continuous operation on the 
reliability of valves, as revealed in these experiments, 
would be a matter of some importance in such cases as 
the use of valves or similar devices in conjunction with 
an ordinary power supply, where operation would be 
continuous. 

What actually happens during the cooling period and 
the immediately subsequent operation is a matter of 
speculation, but a tentative theory may be put forward. 

It is well known among those engaged in the experi¬ 
mental study of the properties of metal surfaces in vacuo 
that, after being freed from gas by heating, such surfaces 
very readily acquire a new gas layer, even though the 
pressure of the residual gas in the surrounding space is 
kept at the lowest value attainable by modem methods 
of pumping. It seems that the gas evaporates from the 
IMS clean surfaces and condenses on to the cleaner, and. 
since at the^ low pressures the molecules so transferred 
pass m straight lines from source to destination without 
collision with others, no pumping process can possibly 
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prevent condensation. Such a conta m ination of the 
previously-heated surfaces of the filament and grid 
S3rstem may justifiably be supposed to take place during 
the latter part of the cooling period. When these 
surfaces are heated again this gas will be set free, and 
will be recondensed on the colder surfaces, either sponta¬ 
neously, or more rapidly by electrical clean-up during 
the resumed operation. 

Experiment has shown that whereas free gas is not 
responsible for the flash-arc, cleaned-up gas can be so 
responsible. This is consistent with what is observed, 
for flashing due to cooling does not occur at once and 
always, but takes place during a period of some two hours, 
and ihen only occasionally. The quantity of gas neces¬ 
sary is suspected to be minute, and, since clean-up in 
water-cooled valves is particularly rapid and deals with 
the molecules as they are evolved, the connection of the 
valve to the best of pumps is not likely to provide a cure. 


The relative immunity conferred by a few hundred 
hours of continuous operation may reasonably be ascribed 
to the reduction in this gas-wandering consequent on the 
gettenng " action of the tungsten evaporated from the 
filament. Conversely, the disturbance of the lettering 
by a flash-Mc necessitates the repetition of the whole 
process, as in the case of the “ second lives ** of 
which have flashed. 

• ““-elusion, the author desires to express his 
indebtedness to his colleagues, particularly Mr. T. Jacob 
in connection with the superposition of the autelertronic 
cuirent, ^d Mr. J. W. Ryde, to whom much of the 
statistical analysis of the long time-lags is due* to the 
British Broadcasting Corporation, the Marconi Co. and 
the Post Office, for access to their records; and to 
members of the staffs of those organizations "for their 
ready assistance in the coUection of data relating to the 
conditions and results of operation. 


Discussion before the Wireless Section, 6th April, 1932. 


Prof. C. L. Fortescue: I should like to ask whether 
the metallic-vapour arc which foUows the autelectronic 
current consists of a bridge of gas between the two 
electrodes, held in position by electrostatic attraction, 
rather in the way in which the beam in a cathode-ray 
oscillograph tends to concentrate itself owing to the 
attraction which the positive ions have for the stream of 
electrons. Also, in regard to the time-lag, I find it diffi¬ 
cult to understand the author^s suggestion that this is 
analogous to the time-lag in mechanical yielding, and 
that a layer of adsorbed gas may take many thousands 
of hours to yield. In discussing the circuits in the 
various stations where flash-arc trouble has arisen, the 
author generally takes twice the supply voltage as the 
peak voltage at the anode of the valve. Under certain 
circumstances this value may, however, be greatly ex- 
ceeded, particularly where the normal oscillation has a 
relatively low frequency, because there is always the 
chance that the valve may succeed in finding a much 
higher-frequency mode of oscillation. I have actually 
observed this effect with cathode-ray-oscillograph tubi 
connected to various types of oscillators, and it occurs 
to me that it may be in some way connected with flash- 
arc phenomena. Conditions within high-power valves 
are not as steady as our instruments would lead us to 
suppose, and a fortuitous combination of circumstances 
may set up high-frequency oscillations which are super¬ 
imposed upon the peak value of the anode voltagef so 
causing gh-frequency oscillations of amplitude much 
exceeding twice the supply voltage. I am relieved to 

English term 'Vflash- 

L expression Hocky Point effect.'^ 

Faulkner: I obtained my first intimation 
that there was such a thing as a flash-arc when discussing 
^subject with the late Dr. Hansford on Hs ictuj 
from America. He told me that at a demonstration of 
a new expenmental telephone transmitter he had hap¬ 
pened to speak into the transmitter the word ''Bor¬ 
deaux, whereupon the main switch had opened. This 
was repeated on several occasions, and the phenomenon 


now seems clearly to have been due to a flash-arc. The 
valves for the Rugby telegraph transmitter were aU 
tested on a test set to 10 000 volts, and were then sub¬ 
jected to a prolonged overload test on 12 500 volts 
which the valves quite satisfactorily withstood. It was 
intended that the valves, of which there were to be 54 
(connected in parallel), should be worked on the trans¬ 
mitter at 10 000 volts, but the initial tests showed that 
this figure was too high: the time-lag in the case of 
10 000 volts turned out to be about | hour. As it was 
thought that the troubles were due to spurious oscilla¬ 
tions, many circuit modifications were made—^without 
result. Finally -l-mm spark-gaps were inserted between 
the anodes of neighbouring valves, as it was believed that 
if intervalve spurious oscillations were occurring these 
would at some time produce high potentials between 
the valves, and so indicate their presence. On making 
the test, sparks were found to occur only when discharges 
occurred, and therefore it was concluded that most 
probably the valvOs were at fault. The working voltage 
was reduced to 7 000 volts, and, although since then 
occasional discharges have occurred, the result is not 
unsatisf^tory. The first factor which makes the Rugby 
GBR circuit particularly difficult from the flash-arc 
point of view is that it is the highest-power valve instal¬ 
lation in existence, 70 amperes being available for 
feeding into the discharge. Secondly, the wavelength 
of GBR is very long—about 18 000 m—and this necessi¬ 
tates large-capacity tuning condensers. The blocking 
and by-pass condensers must be of high capacitance so 
as to keep within reasonable limits their impedance 
to the working frequency. Both these features are 
detrimental from the point of view of flash-arcs. 
Even if the blocking condenser were divided as sug¬ 
gested in the paper, 0-04 /xF would still be left. 
Thirdly^ it is necessary to have regard to the desire of 
the engineers concerned to reduce interference with 
bro^casting, due to harmonics from this high-power 
station. With regard to the question of machines 
versus rectifiers, I agree with the author that as far as 
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the production of a discharge is concerned there is 
probably no difference; however, the fact that the 
machine can give 1 000 amperes whereas the rectifier 
can only give 100 amperes means that the after-effects 
on the valve may be very different in the two cases. 
The very ef&cient circuit breakers at Rugby prevent 
the discharges from being destructive, and machines 
have many compensating advantages. I notice that 
in the anode of each valve of Daventry 5GB (second 
version) there is a resistance of 550 ohms. In my 
opinion these resistances involve an unjustifiable loss 
of power; if a resistance of this size were inserted 
in series with each of the valves on the GBR circuit 
the loss would be 2 to 3 kW per valve, i.e. 100 to 
150 k\\ in all. I should be interested if the author 
would tell us what steps he has taken, or is taking, 
to improve Mgh-power valves. The theory advanced 
seems to indicate minute impurities in the filament or 
anode, caused by surface ruptures. I suggest that the 
long time-lag may result from the filament being slowly 
evaporated; and that this process may cause a small im¬ 
purity to be suddenly uncovered, setting up a burst of 
current through the valve. I should like to ask the 
author whether he has investigated the question of 
eliminating impurities from filaments or anodes. In 
this connection it is noteworthy that the effect has not 
been noticed' in connection with glass or silica valves, 
although such valves have not been used on very high- 
power sets to any great extent, and if the effect occurred 
the valve would probably be destroyed. Assuming, 
however, that the effect does not occur, what is the 
essential difference between a glass valve and a water- 
cooled valve ? Is it a question of material or of manu¬ 
facture ? 

Walker: It seems probable that fiash-arcs 
may be caused by local overheating of the anode or grid 
structure. The valve cooling system in use at 5GB was 
of a somewhat primitive type and the water available 
was rather hard, so that scale formed rapidly on the 
anodes. Anode scale is a very bad conductor of heat, 
and the large temperature gradient across a layer of 
scale me^s that the temperature of the anode metal is 
many degrees higher than that of the surrounding water. 
A scale in. thick may cause a rise in temperature of 
nearly 200 deg. C., so that, assuming the temperature of 
the water nearest to the anodes to be 100® C., the 
temperature of the anode metal may be 300° C. It 
is probable, moreover, that the scale would form un¬ 
evenly, which would cause local overheating to an even 
greater extent. Such high local temperatures are almost 
certam to cause evolution of occluded gas from the inside 
surfaces of the anode, and thus the production of flash- 
arcs may be encouraged by this gas wandering. This is 
also suggested by the results of the author's experiments 
at Rugby, where the filaments were continuously heated 
dunng the periods of transmitter inactivity. Frequent 
cleaning of the anodes at 5GB has been resorted to for 

some time, m order to prevent the accumulation of scale, 

and in the new Regional transmitters distilled water is 
employed to prevent the formation of scale at valve 
anodes, ^Overheating of the grid structure is most 
likely to be caused by osciUations of very high frequency 
in broadcast transmissions such oscillations do occ4 


from time to time in spite of elaborate precautions. 
Sometimes the causes which tend to produce oscillations 
of this nature are as elusive and transient in character as 
the flash-arc itself. These oscillations would produce 
currents which would possibly have a large instantaneous 
value and would cause overheating of the grid structure; 
their effect on this structure in regard to the production 
of occluded gas would thus be similar to that of an 
accumulation of scale on the anode. Has the author 
any facts which might lead to the conclusion that local 
overheating of these structures does in fact tend to 
produce flash-arcs? Flash-arcs have occurred almost 
exclusively in valves of high magnification, and it may’ 
be that valves of low magnification do not exhibit the 
phenomenon or that the conditions associated with these 
valves tend to suppress or prevent the production of 
flash-arcs. 

Mr. F. P. Burch: It is perhaps even more difficult 
to arrive at the true explanation of a breakdown of a 
continuously-evacuated valve than of a sealed-off valve. 
What chiefly emerges from our experience is a confirma¬ 
tion of the author’s statement that the mere pressure of 
free gas inside a valve has nothing to do with the flash- 
arc tendency. Another respect in which our experience 
agrees with the author’s is that we too find the quantity 
of gas set free by a flash-arc to be variable and sometime.^ 
very small. The author advances the opinion that the 
wandering of gas has a good deal to do with the flash-arc 
tendency, and our experience gives a certain amount of 
support to that view also. If we take the head ” (the 
assembly of filament and grid with the insulators) of a 
continuously-evacuated valve that has been running for 
some time and put it into a new anode, we find that the 
valve so built up requires only a short period of treat¬ 
ment to get it into good condition. If, on the other hand, 
we put a new unused head into an anode which is in good 
condition, the period of treatment necessary appears to 
be longer (though of course not so long as when both 
head and anode are new). Presumably a new head 
requires a longer period of treatment than a new anode, 
because it contains metal parts which do not get heated 
or bombarded. The author states that flash-arcs have 
very seldom been observed in valves having all-glass 
envelopes. This being so, we must ascribe flash-arcs in 
water-cooled sealed valves and continuously-evacuated 
valves to the fact that these contain metal which has 
never been raised to incandescence. 

IVIr. A. C. Warren: In the early days at Rugby there 
were numerous valve overloads, and these were always 
classified as " Rocky Point ” failures. It is only of 
recent years that it has been possible to classify them 
into various types. Even when such a classification has 
been made there is still the doubt as to cause and effect. 
For instance, have failures occurred through softness, 
grid filament contact, etc., or due to flash-arcs which 
have set up these faults ? Or, further, have flash-arcs 
been brought about by progressive softening or distor¬ 
tion and disintegration of the electrodes during life, 
which may bring the valve into a condition at which 
flash-ar^ occur at the operating voltage—^the final dis- 
^arge in this case simply hastening the deterioration > 
The author answers some, but not all, of these questions. 
The longer one’s experience of water-cooled valves, the 
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smaller is the percentage of failures which one dares to 
classify 35 due to unpUoted flash-arcs. A case occurred 
at Rugby in which a large batch of valves supplied to 
the station had a defect in design. Valves repeatedly 
took overload, were tested, found to be in good condi¬ 
tion, Md were replaced; many valves finaUy failed due 
to gnd-filament contact. In this batch were found 
extreme exarnples in which a valve would take overload 
2 or 3 times in the first 100 hours, and then would con¬ 
tinue to operate satisfactorily for thousands of hours 
without taking overload: or a valve would take a first 
overload after thousands of hours, and then take over¬ 
load repeatedly every few hours. An examination of 
the records for this batch shows that the tendency to 
failure increased with life. This type of behavior is 
abnormal, and only occurs when manufacturing defects 
are present With this proviso, I am in agreement with 
conclusions regarding time-lags, namely 
that the tendency to flashing decreases with life and that 
ttere IS no relation between the first and the second life 
This latter point is borne out by the Uves of new and 
repaired valves. The Post Office has adopted the policy 
of havmg valves repaired, and it is found that the 
average life after repair is greater than that of new 
valves; also that the lives of valves after repair bear 
no relation to the lives of the new valves. Although 
th^e fives mclude all classes of failure, it is felt that tL 
facts stated above have some bearing on the present 
discussion. As the repair of a valve involves opening it 
up to atoosphere and renewing the filament, it would 
appear that the filament and gas pressure of the valve 
are not determining factors in flash-arcs. The paper 
puts foiward no cure for flash-arc troubles. It would be 
interestmg to know the minimum voltage at which dis¬ 
charges can be set up, and the actual currents measured 
by tfie author. Although he states that 3 watt-seconds 
are dissipated in building up the conducting path, he 
does not say whether this amount of energy can be 
provided by a 1-farad condenser charged to 2 or 3 volts, 
or whether a certain minimum voltage is necessary! 

dimensions is not mentioned, 
a.mough this is apparently of extreme importance. The 
interestmg tests at Rugby on the continuous burning of 
filaments m early life were suspended on the score of 
eccmomy the valves being so good—even on inter¬ 
mittent burning—that the improvement to be obtained 
was slight. This mode of operation might be very 
useM if a poor batch of valves were encountered. 

hfr. W. L. McPherson; I agree with the author 
that puinpmg does not seriously affect the liability of a 
valve to flash-^c; at the time when this effect was so 
Rugby, the first conclusion we came to was 
that it must be caused by a poor vacuum. The improve¬ 
ment effroted since those days has been chiefly an ad¬ 
vance ih tte direction of greater cleanliness in the materials 
and in the assembly. The author states that trouble is 
expenenced m connection with 2-phase, 4-phase, and 
6-p^se rectifiers, and I should like to know the type of 
rectifier to which he refers in this connection. 

We have used a high-power 6-phase rectifier with inter- 
phase r^tor without encountering any difficulty. The 
ffigh-yoltage effect is a function both of the valve and of s 
the circuit m which it is used, and, in spite of Mr. Faulk- i 

: VoL. 71.' ■. ■ 


) • ner’s remarks, spurious osciUations which may have a 

I trigger action are liable to occur and so exaggerate any 
) latent tendency to flash-arc. The general experience is 
r: that as the power of the station increases, the safe 
- voltage for a given type of valve decreases. The Prague 

> broadcasting station, which is operated at 18 000 to 

20 000 volts, has given very little flash-arc trouble. 

I Coolidge has succeeded in making triode valves and 
• X-ray tubes for voltages as high as 100 000-volts, and I 
. should like to know whether there is any evidence of the 
: presence of flash-arc effects in such apparatus. 

Mr. L. J. Davies: I should be glad of the author’s 
views as to the part that gas adsorption plays in the 
flash-arc and in the mechanism of the pilot discharge. 
Is it correct to state that it is a metallic fragment that 
vaporizes and gives off gas ? Does the adsorbed gas 
merely loosen the surface atoms of the metals and 
enable them to vaporize more easily ? 

Mr. H. L. Kirke: At 5GB practically no trouble 
from flash-arcs occurred until the number of valves was 
increased from four to six. This change was made when 
the station first began to transmit the of&cial pro¬ 
grammes, and thereafter we often met with a dozen 
flash-arcs during an afternoon. Although, as Mr. Faulk¬ 
ner stated, a 1 J-minute shutdown may not matter much 
so far as telegraphic communication is concerned, from 
the point of view of broadcasting a shutdown of a 
minute or so my be very important. As regards the 
question of spurious short-wave oscillations, it seems to 
me a reasonable supposition that, if a valve has a ten¬ 
dency to flash-arc, the increase of potential due to the 
^ort-wave oscillation may start the flash-arc discharge. 
The phenomenon of spurious oscillations in transmission 
is one of the most elusive things with which a radio 
engineer has to deal. I was very disappointed that the 
cfrcuit change-over at 5GB occurred almost at the same 
time as the improvement in the design of the valve, and 
I have always felt a desire to try the new valves on the 
old circuit. In my opinion the recent big improvements 
in valves should make possible a considerably simplified 
design of transmitter. Turning to the question of the 
resistance in the anode circuit of each valve, we have 
reduced the value of this resistance to 250 ohms in the 
^es of valves now manufactured, so that the kW loss 
in these resistances is relatively small compared with the 
total power. An interesting characteristic of 5GB was 
that if during the course of the morning’s experimenting 
and testing we applied a fairly heavy modulation by pure 
tone for any appreciable time, a batch of flash-arcs 
nearly always occurred during the afternoon; but if we 
only carried out ordinary modulation testing during the 
morning, we encountered very little trouble in the after¬ 
noon. The other day, during some tests on the change 
of circuit at Brockman’s Park, we met with the same 
trouble, probably due to a flash-arc. 

Mr. B. S. Gossling (in f^ply ): From remarks made in 
the discussion I gather that it would be profitable to 
open this reply with an account of my speculative mental 
picture of the flashing process. The part of the picture 
showing the first stages of the flash is still rather vague; 
what I should put there is an autelectronic current 
yontaneously appearing or increasing in value. This 
impinges on the anode and produces positive ions from 
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the metal, or at first, more probably, from some more 
easily dispersible surface layer such as adsorbed gas (in 
answer to Mr. Davies). These return to the cathode, 
bombarding it (still at high voltage) and producing many 
more electrons, and also neutralizing space charges, thus 
reducing the voltage demanded by the growing current. 
The autelectronic stage might give a current approaching 
1 ampere, which is about enough to render possible an 
incipient arc. Then follows a true metallic-vapour arc 
very much like that in a mercury-arc rectifier, capable 
of carrying enormous currents. There is no difficulty 
about the maintenance of the conducting bridge sur¬ 
rounded by a vacuum, because the speeds attained by 
ions in very moderate electric fields are enormously 
greater than the kinetic-theory speed of molecular dif¬ 
fusion, even in a hot vapour. The analogy between this 
final stage and the mercury-arc rectifier becomes closer 
when we consider such a rectifier starting with a heavy 
current while in a cold state. The pressure of the 
mercury vapour is then far below the normal working 
value, and the highly-conducting bridge has to be main¬ 
tained, as in the flash-arc, by material vaporized from 
the cathode, unidirectional diffusion to the surrounding 
space and the cold walls being little more impeded than 
in a high vacuum. 

In answer to Prof. Fortescue's first query, space charge 
would certainly tend to dissipate the gas bridge laterally 
unless it were effectively neutralized by the presence of 
charged particles of both signs; hence the need for 
positive ions derived from the anode surface in the early 
stages of building-up. Later on, however, when the 
current density is large, possibly enormous, the local 
magnetic field will act so as to prevent straying of the 
ions, just as that of the heating current of a thick fila¬ 
ment tends to bring electrons back to the emitting surface. 

My account of themechanical rupture ” theory of the 
short time-lag was somewhat condensed, but the 5 rield- 
ing” considered is supposed to be a true mechanical 
yield, on a small scale no doubt, but something more 
concrete than the disruption of a gas film, since it is a 
solid fragment that is supposed to be detached. The 
rupture is on the surface of the cathode, and provides the 
autelectronic beginning of the flash; the gas film is on 
the anode, and provides the ionization required by the 
embryo arc. The theory is associated in the paper with 
the short time-lags only; it is not incompatible in 
principle with a long lag, but the independent experi¬ 
mental evidence quoted does not go far in that direction. 

I should next point out that my intention in the paper 
(Section 13) was to confine the term " piloting " strictly 
to abnormal c^ses in which some auxiliary discharge 
enable of acting in substitution for the normal initial 
steges was known to be present. A mere enhancement 
of conations favourable to the spontaneous flash-arc, 
winch is the main subject of the paper, does not consti¬ 
tute piloting " in this restricted sense. 

The general impression produced by the references of 
^ous speakers to parasitic oscillations is that so far 
little profit has been gained through explaining one 
myst^ by me^s of another. The possible types of 

uyitic oscillations are no doubt many and various, but 
Fortescue's ocular demonstration of over-voltage 
irects suspicion against one type at least. Again, 


his suggestion that a " Schrot-effect" variation of the 
characteristics might make the appearance of a parasitic 
oscillation a matter of random probability is interesting, 
but the designer of circuits should take heart from the 
reflection that this probability decreases very rapidly as 
the circuit conditions depart from the critical values based 
on " average " characteristics. 

Many of the conclusions given in the paper are as yet 
tentative rather than properly established, and it is 
therefore the more satisfactory to have the confirmation 
given by the independent experience of others. Notably 
Mr. Burch, with the different and more direct technique 
of the continuously-exhausted valve, supports the 
absence of effect due to free gas. The conclusion which 
he draws from the results of interchanging new and old 
electrodes gives a direct answer to Mr. Faulkner*s 
question about the difference between glass and metal 
valves. It bears out my own inference that this dif¬ 
ference was a matter of the relative absence of cold 
unbombarded surfaces in glass valves. 

Again, in answering Mr. Faulkner's query as to means 
of improvement, I have Mr. McPherson’s support in the 
matter of cleanliness. I would add an important if 
unimpressive desideratum which he no doubt took for 
granted, namely, the avoidance of unconsidered changes 
in procedure, however trivial in appearance. As regards 
more recent types of valves than those considered in the 
paper, it is as yet impossible to ascribe the undoubted 
improvement to any one of the various modifications 
embodied in these valves. 

As regards gas wandering, Mr. Burch replies to my 
mild provocation by giving me his support; I cannot but 
admit that if gas wandering may happen on the pump, 
it is at least not less likely in a similar sealed valve. 
Still, there need not be much difference, because the 
clean-up may act very much more quickly than the 
pump. Mr. Walker gives two very probable causes of 
encouragement of gas wandering, and other radio 
engineers should take warning from him. Grid over¬ 
heating such as he suggests would act as a novel form of 
intermittent operation; indeed, this, and also the pro¬ 
longed heavy modulation (doubtless implying extra grid 
heating) described by Mr. Kirke, seem to provide the 
converse to the Rugby continuous-burning experiment 
and to promote flashing, also after an interval. I would 
follow m. Warren so far as to suggest a further cause for 
progressive increase in the flashing tendency, namely, 
that valves which soften progressively—as no good valve 
should—^might show such an increase owing to enhanced 
gas-wandering. However, I should not describe this as 
"piloting." 

In reply to Mr. Faulkner, adsorbed gas which has any 
opportumty of wandering is by far the worst type of 
surface impurity. Volatile impurities from filament or 
grid should be disposed of before or during exhaust; as 
stated, the volatilized tungsten seems to be beneficial. 

_ As to the question of magnification, raised by Mr. 
Walker, valves of low magnification do flash, although 
fewervalves of that sort are in use and those are In the 
lower-power stages. 

^ ^- Kirke’s observation on the change from four valves 
to SIX seems to define the permissible limit of concentra- 
on of H.T. supply current quite closely at between 
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7 and 9 amperes for the smaller sizes of valves. Mr. 
Faulkner seems to have overlooked the fact that if the 
Rugby GBR circuit were subdivided, this concentration, 
which is the most dangerous factor there, would be dis¬ 
posed of; condensers of 0- 04 fiF might not be dangerous 
alone. I agree, however, that a change from capacitance 
tap to inductive tap would have little or no effect at 
GBR, as the equivalent inductive tap there would have 
so little self-induction. The anode resistances on the 
supply side, like the use of rectifiers of d.c. 

machines which Mr. Faulkner himself cites, are of value 
only in minimizing after-effects, and are only justifiable 
where some efiSciency can be sacrificed in order to reduce 
the time of shutdown. The sacrifice is, of course, less the 
higher the supply voltage. 

In reply to Mr. Warren’s general comment, I admit 
the difficulty, but I did scrutinize individually the nature 
of the failures quoted in Section (24). These included no 
cases of filament distortion prior to flashing and therefore 
no " piloting ” in my sense of the word, and but few 
cases of serious softening, so that as a batch they were 
well suited to my purpose. The statistical results 
obtained would not, however, have been seriously 
affected if, say, two or three failures had been in a 
different class from the rest. 

The magm’tude of the currents I measured was, for 
brevity, left to be inferred from Table 1. Column 4 of 
the table shows that with charging voltages of 50 to 
60 kV in the first circuit, currents approaching 


100 amperes were possible, and in the third with 20 to 
30 kV, 300 to 500 amperes. 

As to the minimum voltage, the initial stages of the 
spontaneous flash-arc are high-voltage phenomena, 
otherwise their autelectronic origin could not have been 
seriously suggested; I do not think I have observed such 
flashes below 9 or 10 kV. In the presence of a glow dis¬ 
charge, where the initial stages are probably different and 
the initial expenditure much less, flash-arcs can be 
obtained at voltages as low as 200 volts.* The in¬ 
ductance in circuit with a condenser must be low 
enough for the energy to be quickly available; with a 
condenser as large as 1 farad this would hardly be 
possible. 

In answer to Mr. McPherson^s later remarks, my own 
experience had not led me to consider the 6-phase 
rectifier with interphase reactor specially immune from 
trouble, but definite statistics for rectifiers are hard to 
obtain. His statement as to stations of higher power 
confirms the conclusions summarized in Section (21). 
However, the Warsaw broadcasting station has now 
(June 1932) been working at 14 to 15 kV for nearly a 
year with very little trouble. 

Apparatus of the 100 000-volt sort will give flash-arcs 
plentifully, but as the power supply, and particularly 
the short-circuit current, is relatively small, they are 
transitory and often inconspicuous. It was in the high- 
power radio field that flash-arcs were troublesome. 

* Nature, 1928, vol. 121, p. 794 . 
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SHIPBOARD OBSERVATIONS WITH A CATHODE-RAY DIRECTION-FINDER 

BETWEEN ENGLAND AND AUSTRALIA.* 

By G. H. Munro, M.Sc., Associate Member, and L. G. H. Huxley, M.A., D.Phil. 


{Paper first received 1st February, and in final form 2Sth April, 1932.) 


Summary. 

The paper describes the installation of a cathode-ray 
direction-finder on board a ship and observations on long¬ 
wave stations and atmospherics during a voyage from Port 
Said to Brisbane. 

. Directional observations of long-wave wireless stations at 
distances of from 1 000 to 5 000 miles showed little evidence 
of errors in bearings, and the bearings obtained were com¬ 
pared with the calculated ones to find the Quadrantal error 
due to the ship. 

Systematic daily observations of atmospherics on 30 000 
metres gave intersections suggesting tropical thunderstorm 
areas, particularly one in Central Africa, as the main sources 
during most of the voyage, but round the coast of Australia 
the predominant sources were in the northern interior of 
that Continent. The directions of these sources in Australia 
are shown to correspond to areas of low barometric pressure 
accompanied by thunderstorms in those regions. 


(1) Introduction. 

The theory and use of the usual types of direction¬ 
finder have been treated in detail by several authors,! but 
shipboard observations with a cathode-ray direction- 
finder have not previously been described. 

In December 1929 a cathode-ray direction-finder con¬ 
structed at the Radio Research Station, Slough, was to 
be shipped to Melbourne as part of the equipment to 
be used in an investigation of atmospherics in Australia, 
and as the authors were sailing at that time to carryout 
the work an opportunity was afforded to test the instru¬ 
ment on board ship and to observe atmospherics through 
the tropics. By the courtesy of the P. & O. Branch 
Line it was possible to install the instrument on the 
s.s. Baradine."' Observations were begun when nearing 
Port Said, and were continued the whole way to Australia 
and round the south and east coasts of that Continent 
as far as Brisbane. An account of these observations is 
given below. 


(2) The Cathode-Ray Direction-Finder. 

The instrument was of the latest type, developed at 
the Radio Research Station of the Department of 
Scientific and Industrial Research for observing the 
direction of arrival of individual atmospherics. Although 
it has been described in " Report of the Radio Research 
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Board for the period ended 31st March, 1929 ** a brief 
account of the instrument is given here in order to 
simplify the subsequent descriptions. 

Two identical frame aerials (Fig. 1) are mounted with 
their planes vertical and mutually peipendicular, and 
are adjusted to have no mutual inductance. The frames 
are 1 metre square and are tuned with variable capaci¬ 
tances to cover a wavelength range of 3 000-30 000 
metres. 

The electromotive forces induced in the aerials receive 
separate and equal amplifications and are applied 
respectively to the two pairs of deflecting plates of a 
cathode-ray oscillograph. 

Let a plane polarized electromagnetic wave whose 
electric vector lies in the vertical plane arrive at the 
instrument along a direction making an angle d with 
the frame n-s (Fig. 1). The e.m.f.’s induced in the two 



Fig. 1. Schematic diagram of cathode-ray direction-finder. 


aerials n-s and e-w are proportional respectively to 
cos 6 and to sin 0. The output from the n-s amplifier 
acting alone spreads the spot on the oscillograph dial 
into a vertical line whose length is proportional to cos 0, 
whereas the e-w amplifier output gives a horizontal line 
of length proportional to sin 0. Both amplifiers acting 
in conjunction give a linear trace on the dial at an 
angle 0 with the vertical when the output e.m.f.'s are 
in phase. Since the dial is calibrated at intervals of 
10 the direction of arrive of the incoming wave relative 
to the n-s. frame may be read directly. The strength 
of the signal is also correctly given by the length of the 
trace on the dial, but there is an ambiguity of 180® in 
tbe angle 0, 

The e.m.f.'s in the aerials are heterodyned with the 
e.m.f. from a local beat ” oscillator to give a “ beat 
frequency of 2J kilocycles per sec. which is introduced 
into the amplifiers. The amplifiers incorporate devices 
for coiifrolling the total amplification (gain) and for 
eliminating spurious differences of phase between the 
output e.m.f.*s. There is also a " test ‘" oscillator from 
which electromotive forces of suitable f^^ and 
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strength may be introduced into the aerials across 1-ohm 
non-inductive resistances at their centres. 

The instrument is in adjustment for receiving a wave 
of given frequency when the injection of equal e.m.f.'s 
of that frequency into the tuned aerials from the " test 
oscillator produces a line at 45® on the oscillograph. 
If a spurious difference of phase is present the line is 
replaced by an ellipse, and if the amplifications are 
unequal the line is not at 45°. These inequalities are 
corrected by the devices mentioned above. 

(3) Location of the Instrument on the Ship. 

The instrument was mounted on the Baradine in 
a position which was fairly satisfactory, though not ideal. 
A substantial and light-proof house for the receiving 
apparatus was constructed on the captain's deck below 
and abaft the bridge. The frames were mounted on 
the roof of this deck, which was of wood and canvas, 
and at its starboard end since the frames' aerials of the 
ship's direction-finder were mounted amidships on this 
roof. The only objects near the aerials which could 
distort the bearings were a tall iron ventilator aft and 
an iron boat davit to starboard, while the bridge, although 
further away, was a possible source of error. The effect 
of any of these was, however, likely to be small compared 
with that of the ship as a whole. 


(4) Observations on Stations. 

It was not possible to install the aerials before sailing, 
and on account of adverse weather conditions the 
preparations were not completed until near Port Said, 
where the observations were initiated. 

In the Suez Canal and the Red Sea transmissions from 
a number of European stations were received at good 
strength, and their bearings were readily obtained. 
Those observed were: FYL (Bordeaux); GBR{Ruebv)* 
DFY (Nauen); PCG (Holland); TAE (Turkey)* SPL 
(Warsaw); FYN (Lyons); and IBR (Rome), the wave¬ 
lengths ranging from 19 000 to 14 400 metres. In the 
Indian Ocean the intensity of these stations was much 

PKX(orPLA)(Java); and 
hZA (Saigon) were received sufficiently well for observa¬ 
tions to be taken on them all the way to Fremantle 
South of AustraHa the reception of these stations was 
unsatisfactory and JND (Japan), which was also well 
received in the Indian Ocean, alone gave signals of 
strength sufi&cient for good observations. 

On land the angle given by the oscillograph may be 
read to an accuracy of 1 degree, but at sea the accuracy 
was less satsfactory owing to interference of two types : 

caused by the ship's el^ 


(b) Mechanical vibration of the ship communicated to 
the valves of the receiver. 

spot on the dial of the oscillograph 
through lie operation of these factors, of which the 
lonner IS lie more serious, amounted to about i cm in 
thea&w^hips direction and about 1 cm in the fore- 
and-aft direction at fuU sensitivity. This produced a 
oorrespondmg broadening of the line on the dial during 
the reception of a transmission. Fortunately, one-sixth 
•of the maxunum amplification was suitable for the 
xeception of stations of reasonable strengtih, and with 


^s settmg tne broadening of the line was not seriou <5 
The mstrument could then be read with an accuracy of 
i 1 in the absence of atmospheric interference. 

It was found desirable with transmissions of aoori 
stren^h to adjust and "line up" the instru^nt 
directly on the station instead of using the " testosciUator ’* 

On occasions the deposition of salt spray on the aerials 
impaired the insulation. This resulted in an inequalitv 
and an increase in the effective resistance of the aerials 
which were manifested in an incorrect “line up" and 
loss of sensitivity. The inequality in the resistances of 
the aerials was easily eliminated by inserting a variable 
senes resistance until the aerials could be washed with 
fresh water. 


Well defined bearings were generaUy obtained on 
stations received with sufficient strength, both by day 
and at night, and on few occasions only was any ellip- 
tidty observed which was attributable to abnormal 
polarization. 

In addition to the inaccuracies mentioned above, the 
beanngs observed relative to the ship are subject to 
the usual " quadrantal error ” of the ship itself, and in 
order to correct for this the installation was calibrated 
from observations of stations whose locations were 
taown. The course, or " ship's head,” was obtained 
from the navigating of&cer, and the accuracy of the 
bearings obtained depended on the constancy of the 
couree at the time of observation. The error due to 
variation in the course did not exceed ± 2 degrees, 
though rolling or yawing could cause greater variations! 

When the " ship's head " was known the true directions 
of stations relative to it could be calculated from their 
geographical positions and that of the ship at the time 
of observation. By comparing these bearings with 
those given by the direction-finder the errors due to the 
ship _ and the installation are obtained. The results 
obtained for the various stations mentioned above are 
sho'wn in curve A of Fig. 2, in which the error is plotted 
Egainst the calculated correct bearing. 

It will be seen that the majority of the points agree 
with the average curve. The series of high points 
between 260® and 300® and that at 111® were all obtained 
during a period when trouble was experienced with the 
insulation of the aerials as already mentioned. 

An ^ opportunity for rapid calibration occurred at 
Adelaide when the ship swung through 180® before 
anchoring, and again on resuming the passage down the 
channel. Bearings of the station JND given by the 
instrument were obtained by one observer, while the 
other o'teerver in communication with the first recorded 
the series of corresponding readings on the standard 
compass. The ** ship’s head " was obtained from the 
standa,rd compass and the necessary corrections supplied 
by the navigating officer. The results are given in 
curve B of Fig. 2, where the errors are again plotted 
against the true bearings. 

Again the points lie close to the average curve, but 
there is some discrepancy between the curves A and B, 
more especially between 260® and 360®. Curve C is an 
average curve obtained from A and B. Owing to the 
ambiguity of 180® in the reading of the instrument a 
further average is taken of the errors in the ranges 
0—180 and 180-360 to make the curve symmetrical in 
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these ranges. Curve C was used in correcting atmo¬ 
spheric observations. Curve D is the curve derived from 
it, showing the corrections for given observed bearings. 

“ Quadrantal error'' associated with direction-finders 
on ships has been examined theoretically by R. Mesney* 
by treating the ship as an infinitely long conducting 
cylinder of radius small compared with the wavelength 
received. The matter has also been treated from the 
practical point of view by C. E. Horton, f 

According to Mesney the maximum error will be 


is superior to the usual t 5 ^es of direction-finder. It also 
has the advantage of giving the required bearing directly 
by a visual reading. On the other hand, compared with 
the usual ships' direction-finders it has several disad¬ 
vantages. It is extremely bulky, it requires voltages 
of the order of 300 volts to operate the oscillograph, 
and it must be operated in the dark. These facts, when 
taken into consideration with the short life of the cathode- 
ray oscillograph, must be considered to be serious dis¬ 
advantages in this type of instrument. 



90= 

I 


180° 
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270° 
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360° 
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18 "5®, a value which is exceeded in our case. The 
discrepancy is probably due to the superstructure of 
the ship in the vicinity of the aerials, Mesney also 
deduces the result that the error is independent of the 
wavelength when the latter is great compared with the 
length of the ship. This is in agreement with our 
curves. It is assumed, therefore, that the correction 
curves apply to wavelengths up to 30 000 metres, and 
are applicable to the reception of atmospherics on this 
wavelength. 

_ These observations show that the cathode-ray direction¬ 
finder at sea is capable of giving accurate results in the 
beaxings of long wavelength stations, and in this respect 

: i 1920, 

t l.E£.. 1928, vol. ei, p. i79; ind 1981. vol. 69, p. 628. 


(5) Observations on Atmospherics. 

Owing to the limited life of the oscillograph, observa¬ 
tions were restricted to regular brief periods. Atmo- 
sphenes were observed for 5-minute periods at intervals 
of about 4 hours between 8 a.m. and 11 p.m. during 
most of the voyage . ^ 

Dkectional observations on atmospherics were begun 
on the 20th December, 1929, when the ship was in the 
MMiterranean Sea, one day before reaching Port Said, 
tod were continued daily with a few exceptions. At 
tot the observations were taken at 1230 G.M.T. but 
the number of observing periods was later extended to 
obtam information concerning the diurnal variations. 
A sttodard sensitivity of the receiver was used. At 
tot it was sufSciently accurate to use always the gamA 
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setting of the gain ’’ controls, but later, owing to varia¬ 
tions in the aerial resistances, this was not a reliable 
measure of the overall sensitivity, so a particular setting 
of the test oscillator output control was used, and 
the amplifiers were adjusted to give a fulhscale deflection 
on the signal injected into the aerials from this oscillator. 
The sensitivity at this setting was such that a full-scale 
deflection would be produced by a signal of field-strength 
of the order of 1 millivolt per metre. 

For convenience in recording, the atmospherics ob¬ 
served were separated into four sizes according to the 
length of the line produced on the screen, thus: S up 
to 1 cm; M, 1 to 2 cm; B, 2 to 4 cm; and L greater 
than 4 cm. Each individual was recorded as a letter 
followed by a number giving the size and direction in 
degrees (0 to 180°) respectively. It was usual to note 
as many as possible of those occurring within a period 
of 5 minutes. It was frequently impossible to note 
every one, and care had to be taken to get a fair sampling. 
If there is a predominant source in one direction it 
tends to hold the observer’s attention to the exclusion 
of less active sources. In such a case this direction 
was neglected for part of the observing period and 
attention concentrated on arrivals frofii other directions.' 
After a few days’ practice the directions on the screen 
could be observed under the best conditions to within 
± 1 deg. for a B or L, ± 2 deg. for an M and ± 5 deg. 
for an S. The maximum accuracy was not attainable 
in general, and, as there is a strong tendency to take the 
direction as the nearest multiple of 10 or 5, it is found 
that the great majority of recorded directions, even for 
L’s and B’s, have 0 or 5 as the last digit. 2 and 8 occur 
fairly often and other numbers only occasionally. Sets 
of observations for consecutive 6-minute periods by the 
two observers in turn showed very satisfactory agree¬ 
ment in the sizes and distribution recorded, so that in 
considering the results no distinction is made. The 
maximum observational error for a single atmospheric 
other than S is estimated as i 3°, so that the mean 
error will be less than that. Individuals have accordingly 
been plotted to the nearest degree. Graph paper 
divided into millimetres was used for plotting, each 
vertical line being taken to represent 1° of bearing, and 
each atmospheric plotted under the appropriate bearing 
as a dot if M or S, a line 1 mm long if B, and a line ‘ 
2 mm long if L. The number and size of all observed 
in any direction is thus at once apparent. The correc¬ 
tions for quadrantal e^or and ship’s head have then been ' 
applied and the individuals replotted to the nearest 
multiple of 2|°, since it is estimated that the mean 
accuracy for a point source will be greater than ± 6° 
but less than i 1°. The results shown in Figs. 3 and 4 
are obtained in this way. 

In considering the results obtained it has been found 
that they may conveniently be studied in three sections ' 
according to the areas in which the observations were 
taken, the areas being: North of the Equator, ithe 
Indian Ocean between Colombo and Australia, and 
round the Australian Coast. Taking the first group, 
the results of observations at or near 1230 G.M.T. from 
the 20th December to the 4th January inclusive are 
shown in Fig. 3. It will be seen that, except on the . 
first two and last two days, there is always one predomi¬ 


nant group restricted to quite a narrow angle, and that 
the mean direction of this group changes as the ship 
; proceeds. (In discussing results the term ** Source ” will 
be used as applying to an area in which atmospherics 
are originating and which subtends in general an angle 
of less than 10° at the observing station; while Group ” 
will be used as applying to the concentration of dots or 
Imes in one direction when the results are plotted, due 
to one or more such sources in the same or opposite 
directions.) When the directions of the centres of these 
groups are drawn in on a map they are found all to pass 
through or close to a point in the lower part of Central 
Africa, and, moreover, if the limiting directions for the 
group on each day are drawn they enclose, a definite 
area in that location. This is shown on the map of 
Fig. 5, In Fig. 3 the crosses indicate the directions 
taken as the limits of the groups for this purpose. On 
the 28th December not many atmospherics were observed, 
but it was noted that a source was developing at 65°. 
On the 31st December no individual observations were 
taken, but it was noted that the activity was confined 
to the angle indicated between the arrow-heads. On 
the 1st January the observations were meagre but are 
sufficient to show the direction of maximum activity. 
After this date the lower limit of the group is not very 
well defined but it will be shown that this is probably 
due to other sources in an almost opposite direction. 

. On. the 2nd January the observations plotted were 
taken at 1130 G.M.T. 

Since it has been concluded by various investigators, 
in particular by Watson Watt, that thunderstorms supply 
the great majority of, if not all, the atmospherics of the 
world, it is of interest to examine the frequency of 
I thunderstorm occurrence for this area. Information on 
this point is given in a convenient form by Brooks 
who divides the year into two periods and draws “ iso- 
bronts,- or lines of equal frequency of occurrence of 
'thunderstorms, expressed as the percentage of the total 
days for the period on which thunderstorms are reported 
at observing stations. The resultant map for the period 
October to March shows that by far the most active 
thunderstorm area in the world is in Africa just in the 
area, defined by the .atmospherics. In the centre of this 
area thunderstorms occur on 50 per cent of the days at 
all stations. 'The isobronts for 50, 30, and 20 percent are 
indicated in Fig. 5. There thus seems to be little doubt 
that the thunderstorms of this area were supplying most of 
the atmospherics observed during this part of the voyage. 

From the 26th to the 31st December a set of observa¬ 
tions was usually taken several hours before 1230 G.M.T., 
and a further set several hours after. In the earlier 
ones> between 0400 and 0800, there was generally a 
predominant group at about 100°, which is the direction 
of the ship’s course. This group was absent or less in 
evidence in the 1230 or later observations. Since it is 
well established that the maximum production of 
atmospherics in any area occurs in the local afternoon, 
it is assumed that this* group was coming from the east, 
and the direction is shown accordingly on the map. The 
observations after 1230 G.M.T. showed little other change 
except, in some cases, an intensification of the rnain 
group. 

Referring to Fig. 3, it is evident that from the 26th 
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Fig. 3.—Atmospherics observed on 30 000 metres. 























Fig. 6.—Chart of V 03 rage, showing transmitting stations observed, directions of atmospherics at 1230 G.M.T. daily, and main thunderstorm areas 

in these longitudes. 

Note.— Arrows denote directions of maximain activity. Dotted tines mark limits of groups. Figures on isobronts give percentage of days on which thunderstorms ate reported. 
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December to the 2nd January very few atmospherics 
were observed between 110® and 180°. On the 3rd 
January, however, there is definitely another group at 
140°, and on the 4th a further one at 50°. It appears 
that several sources are operating and it will be profitable 
to consider the dinrnal variations. 

In Fig. 5 are plotted all the observations taken during 
the period 3rd to 8th January inclusive, with the necessary 
corrections applied. The most noticeable feature is the 
progressive spreading of the distribution. In general 
the groups are too ill-defined to expect good inter¬ 
sections of directions, but it is nevertheless useful to 
study the isobronts for the area to the east. Brooks 
shows two very active thunderstorm areas, one just 
south of the Malay Peninsular and one in the north of 
Australia, while the whole archipelago between Australia 
and Asia is a region of frequent thunderstorms. The 
direction of the early morning group noted for the period 
26th to 31st December passes through both the most 
active areas. It will be seen from Fig. 4 that there is 
a group each day at approximately 90°, which is especially 
marked in the later part of the day so that it probably 
is still largely due to the African source. From the 
3rd to the 8th there is a progression of directions of 
recorded atmospherics from 90° towards 0°, consistent 
with the presence of an active region in the Malay area 
mentioned above, as is also the greater activity in the 
earlier hours. On the 7th and 8th, atmospherics are 
recorded between 0° and 30° for the first time in any 
number since the 26th December. They are also, from 
the 3rd to the 8th, recorded from various directions 
between 90° and 180°, suggesting scattered sources over 
the various islands and Australia. 

Around the coast of Australia the distribution of the 
directions of sources changed considerably from day to 
day. The atmospherics were most intense and frequent 
during the local afternoon and evening, with directions 
and intensities such as to suggest that most of the sources 
were inland, particularly in the northern part of the 
Continent. In Fig. 6 the mean directions of the most 
active groups have been drawn in for all observations 
taken between 0200 and 1000 G.M.T. (noon and 8 p.m. 
Eastern States time), this period beihg chosen as being 
likely to restrict the observations mainly to atmospherics 
occurring over or near the Continent. By the courtesy 
of the Commonwealth Meteorological Bureau it has been 
possible to consider the results in conjunction with the 
meteorological records for the period, and it was found 
that in nearly all cases the .directions of the main sources 
passed through areas of low barometric pressure in the 
north of the Continent, which generally had reported 
thunderstorms associated with them. This is especially 
marked from the 12th to the 26th January, when low 
pressures persisted over Central and Western Queensland 
and numerous thunderstorms were reported during the 
period. These are shown in Fig. 6, the dates on which 
thunderstorms or lightning were reported being marked 
m the position of the station reporting them. It will 
be seen that these are obviously dominating the supply 
of atmospherics. It was noted also that the intensity 


of the individual atmospherics was greatest in the 
Brisbane observations. 

The Meteorological Bureau also kindly made available 
a series of records of atmospheric interference recorded 
hourly at a number of coastal wireless stations working 
on 600 metres. When compared with the directional 
observations for the corresponding times these confirmed 
the inland location of the sources, and it was evident 
that the thunderstorms caused serious interference with 
reception by day only when they were within 500 miles 
of the station. 

Some night observations were also taken round the 
coast but they were not sufficient to warrant systematic 
analysis. They confirm, however, the earlier observa¬ 
tions regarding the distant sources, for even at these 
distances the African source is quite appreciable at night. 

Although the short period covered by these observa¬ 
tions somewhat limits their value, they definitely support 
the theory of the thunderstorm origin for atmospherics. 
They also give an indication of the extent to which the 
supply of atmospherics in Australia would be dominated 
by local production, information which is useful in 
considering the establishment of more permanent 
observing stations. It may be mentioned that subse¬ 
quent observations have confirmed the deductions 
which were made from these observations. 

In the foregoing no distinction has been made between 
types of atmospherics such as clicks and grinders,^^ 
as is generally done in considering aural observations. 
The cathode-ray direction-finder shows clearly that the 
distinction is not one of fundamental t 37 pes but merely 
of size and number, as increase of sensitivity will resolve 
the 'I gimders ” into a great number of individuals of 
the click type. On this instrument, therefore, the 
size and frequency of occurrence are the best indications 
of the activity of sources. For the more distant and 
therefore weaker sources a greater area will be included 
in a given arc of azimuths, and the frequency of occur¬ 
rence will naturally be greater than for close sources. 
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A NOTE ON THE THEORY OF NIGHT ERRORS IN ADCOCK 
DIRECTION-FINDING SYSTEMS.* 


{Paper first received im December, 1931 
Summary. 

The paper deals with the theory of night errors (i.e. those 
which cannot be estimated owing to their variation 
from minute to minute and their dependence on factors not 
easily determined) in wireless direction-finding systems, and 
has arisen out of experimental work carried out at H.M. 
Signal School, Portsmouth. 

Expressions are described for the errors which may be 
obtained as a result of the presence of both ground and 
atmospheric waves. 

The fixed Adcock system is shown to be less liable to error 
than loop systems, but there are substantial zones in which, 
for certain conditions of the atmospheric or indirect ray from 
a transmitter, the fixed Adcock system is subject to blurred 
minima and to errors of bearing. These zones increase with 
increase of spacing between the aerials, and the maximum 
error occurs when the intensities of the ground and atmo¬ 
spheric waves are approximately equal. The rotating Adcock 
system, however, is shown to be free from blurred Tuinima. 
and errors due to night effect. 


By J. F. Coales, B.A. 

and in final form l()th March, 1932.) 

is represented by sin [c<)«-f-(27rD2/A)] with corre¬ 
sponding magnetic intensity sin [oit + { 27 rDjX)\ 
where and D^ are the optical paths measured to O of 
the two components respectively, and are in general 
different. 

At P we have a difference of phase ^ between the 
direct and reflected rays, where 


Introduction. 

The problem considered in this paper is that of 
reception on two spaced vertical aerials situated above 
a perfect conductor, when the received energy is in 
part derived from the ground wave and in part from 
the atmospheric wave reflected from the Heaviside 
layer. The result is applied to Adcock direction-finding 
systems. 

(1) Calculation of the Electric and Magnetic 
Fields at a Point distant h above the Sea 
IN THE Presence of both Ground and Atmo¬ 
spheric Waves. 

In Fig. 1, let OX represent the surface of the sea, 
which we will consider to be a perfect reflector. 

Let AB be the wave-front of the downcoming wave 
(wavelength = A) which, owing to the great distance 
traversed, we will consider to be plane. 

Let P be a point at height h above the point O on 
the surface OX of the sea, and consider the atmo¬ 
spheric wave arriving at O to consist of two compo¬ 
nents, one polarized perpendicular to the plane of 
incidence AP'P and represented by an electric intensity 
+ (2^-^i/A)] and a corresponding magnetic 
intensity sin \ojt -f- {2nDjX)], and the other polarized 
in the plane of incidence, the electric intensity of which 

Conmuttee invite written communications, for consideration 
published in the Journal without being 
from abroad) should reacf 
tte Publioatioa of 


4> = y(AP' -f P'P - BP) = y2A cos 6 

Since we consider the reflector to be a perfect con¬ 
ductor, at the surface OX there can be no electric 
intensity parallel to that surface and we therefore find 
that, on reflection, the direction of is as shown in 
Fig. 1. 



We therefore get at P 
Ej^ = i27;Lsin 0 sin (^cot -f —^ — ^hcos 

+ El sin 0 sin (cot -f cos 0^ 

= sin 0 cos cos sin 

The component polarized in the plane of incidence 
can give no contribution to Eg and therefore if, in 
addition to the atmospheric wave, we have a ground 
wave which at O has intensities given by 

Ex = 0, Ey =: 0, Eg = Eq sin (cot -f 

H, = 0, Hy = fTfl sin = 0 
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the vertical electric field at the point P will be coil L, i.e. the current in i 

( 27 rD \ current due to the potenti 

= -^0 ”1—j be the same function of 

/o X / on niust write 

j-rKw 


Similar expressions may be obtained for the other 
components of the electric and magnetic fields at P in 
terms of E^, E^, E^, etc. 

We see from these that at any height above O the 
phase of any component of the fields is the same as that 
at O. If the wave were not perfectly reflected from the 
sea this would not necessarily be the case. 

(2) The Vertical Electric Field at a Point P not 
Vertically above O. 

Now consider two vertical aerials AB and CD, 
height H, distance D apart, and placed such that AC 
makes an angle <f> with the direction of incidence of the 
ground wave (see Fig. 2). 

From the equations above we have seen that the 
electric intensity at P'' due to the atmospheric wave is 

\ B 


coil L, i.e. the current in the aerial system. Now the 
current due to the potential at any height /^ may not 
be the same function of Ej^ for all values of h and so we 
must write 

J - f \mEj,dr\ - r \J(h)Eudh\ 

LJo Jab LJo Jcd 



in phase with that at A, which is also in phase with 
that at N, AN drawn perpendicular to ON. 

Now the difference in path between the ray at O and 
that at N is 

OM — ON sin d = cos <j> sin 0 
Thus at P'" we have 

= JSI, sm (cot + . |cos cf,) 

A 

^ ^ ^ ^ ^ ^ ^ ^ ^ 

(3) Application TO THE Rotating Adcock System. 

In the perfect Adcock system we have the aerials so 
axr^ged (see Fig. 3) that the e.m.f.’s produced in the 
horiMntal portions are equal and opposite and so have 
no effect, 

•We are concerned with the current through the 


.-. i = J/(A)<f^o|sin (cot + + ^co! 

. / 27tDq ttD ,\1 

— sin -h - Y f 

_7. V 


' 27rDQ ttD j\ 
(jji -j--_cos (pj 

27tDq ttD ,\1 

A A 


+ 2E^ sin 9^f{h) cos ^^^^cos (f)^dh 

f . / 27rA , ttD . . A 
^sin (ojt H--j- — sin 6 cos (pj 

. / ■ , 27rD-t ttD . ^ ,\1 

— sin \^cot -j-- Y ^ I 



/ttD , 


) \f{h)dh sin i 
-'o 

f _ cos (p 

J cos ^- Y^J 


4* sin 9 jf{h) cos cos d^dh 

. {ttD j . r\\ / , ^ 7 rDi\ 

X Sin Yy cos 0 sin 9j cos f A - y^J 

In the above we have not taken into account the 
difference of phase of the current and e.m.f. in the 



Fig. 3. 


system, this will not affect the form of the expression, 
but only the position of the origin oft. 

We see from this expression that whatever the mag¬ 
nitude and phases of E^ and E^ when ^ Jtt, then I 0, 
and so in the rotating Adcock system over the sea no 
error or blurring of the minimum arises purely from the 
presence of atmospheric wave as well as ground wave. 

(4) Application to the Fixed Adcock Direction- 
Finding System. 

In the fixed Adcock system, however, we have two 
aerial systems, A and B (represented by AC and A'C' in 
Fig. which are set at right angles to each other, so 
that if (f) is the angle which the direction of incidence 
of the wave makes with system A we have for the 
currents in the coils La and Lb 

Ij^ ^ Eg sin cos cos 

+ sin cos (f> sin 9^ cos (^cot -f 
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fvD . , 

\ / 277Dft\ 

sin (j> 

j cos y<at -1— 


+ Ej^ sin sin ^ sin 6^ cos 

r® 

putting Eb = ^EAf(h)dh 

-*0 

r® 

Ej^ = 4E^ sin 6 cos (2^7i cos d)dJi 

Jo 

Now if La and Lb are the fixed coils of a goniometer, 
the e.m.f. induced in the search coil when the angle of 
coupling is xfs will be E, where 

IcE = Jj5 cos ifs — sin ifj (see Fig. 4b) 

since the e.m.f. induced in the coil is proportional to the 
'total flux through it, which is the sum of the resolved 


A ^ 


■f- 






A / 


Fig. 4a.— Plan showing distribution of aerials in the 
fixed Adcock direction-finding system. 

fluxes due to the two fixed coils, which fluxes are pro¬ 
portional to Ja s-iid 

TcE = J7^|cos xfs sin sin 

— sin ijj sin (^— cos cos {o)t + 

+ |cos ijj sin sin ^ sin 

— sin iff sin cos ^ sin J cos 

where A; is a constant, and ^ will be the observed 
relative bearing when is a minimum, which will in 
general be when \js ^ the true relative bearing. 

From^ this we see that E corresponds to that due to 
a rotating field in the goniometer; in general there is 
no value of ijs which makes E zero, and so there is 
possibility of blurring of the minima and of errors in 
the observed bearing. 

(5) Magnitude of Errors in Observed Bearings. 

The expression for E obtained above may be simplified 
to give hE — Asm (cot -f- B), where A and B are both 
functions of 

Now if € is the difference between the observed 


bearing in the presence of both ground and atmospheric 
waves, and the observed bearing in the presence of 
ground wave alone [ift^ in general differs from but this 
difference is constant and known for any value of ijf and 
is given by a calibration curve), it can be shown that 


where 


-4^ = ^ + y cos 2€ + 8 sin 2£ 


2^ = aiEg -f- cl^E"^ -f- ^a^aJ^gEj^ cos ^ 2 ) 

~ 2y = cos 2 — ^ 2 ) 

+ ^a-^aJSgEj^ cos cos 

8 = a^Eji sin — ip^^yEg cos 

-f-cos — ^2)| 

In these expressions 

or 27rdrJ\ = difference in phase between atmospheric 
wave and ground wave. 


180 ° 



Fig. 4b. 

The aerials are co^ected to the goniometer in such a way that the directions 
^e^ alsol^^rted as shown. The cardinal points on the scale 

is the observed bearing in the presence of the 
ground wave alone, given by 

taui/, __ sin [(ttD/A) sin 
sin |^(7ri>/A) cos 

iff 2 is the observed bearing in the presence of atmo¬ 
spheric wave alone [(^g — <f>) similarly to [ijj^ — ^) could 
be evaluated, provided d were known, which is not 
usually the case], given by 

. Sin [(ffD/A) sin <f> sin g)l 
^ [(ttD/A) cos <f> sin 

a\ — sin^ sin -f sin^ cos 

a| = sin^ sin <f> sin -H sin® cos ^ sin d) 
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From this expression for A^, by differentiation with 
respect to e we find that the signal strength, which is 

^ “f" y == ^e\ sin^ (^2 ~ ^ 2 ) 

proportional to A, has stationary values when 

^maz. = ^ — y ~ ^1-^2 OOS^ — ^ 2 ) + ^E% 

8 

+ 2aiaJEQEA cos (\js^ — ifs^ x cos {2TTdjX) 

tan 26 = — 

y 

= ^1^5 — ^e\ cos^ — ^ 2 ) 

that is when 

*’• ^maz. — ^min. ~ ^1E% — ^^Ej. 


tan 2€ = - - ^^{g^Bgcos (2?rd,/A) + a^j_ cos (^, - 

a^Es + alE\ cos + 2a^a^gEA cos {tfi, — ih.) cos {iirdJX) 


From this expression we see that the error € of the 
observed bearing varies with the difference of phase of 
the two waves, being a maximum when 2 ' 7 rdj^/A={ 2 n-f 1)77 
and a minimum when 27TdjX = 2 ^ 77 . The way in 
which € vanes with 27rd^/X for any particular values of 
and — ^2 is shown in Fig. 5, where e is 
plotted against 27rd^lX when o^aKo^^^q) == 2 and when 
^1 “■ ^2 = 3' 45°, corresponding to 

i) = 0-5, <^ = 25°, 0=45° 


It should be noted that when the phase difference 
between the two waves is X, say, at O in Fig, 2 , or any 
point up a vertical line at the centre of the system, it 



is not X at any point bn the aerials of the system; but 
is different for each aerial, the value depending on 
D, d and <f>. 


( 6 ) Possibility OF a 90° Error and Conditions for 
WHICH THE Error does not Depend on d-^. 

From the expression for tan 2€ we get the following 
special cases 

€ = 0 or J 77 When cos cos {^-ndjX) 

Taking € = 0 we have sin 2 e = 0 ; cos 2 e = 1 and 


Therefore if < alE\ we have < ^L„./so 

that the positions of maximum and minimum change 
places and we have € = 90° when 

> ci^JS/Q and cos 

= — ajIJo cos (2’jTdj^/X) 

But the maximum value of the molulus of cos {2ndjX) 
is 1 , and so the maximum value of CL^Alii^i^G) which 
the equality is possible is sec ^ ^ 2 )* 

Thus when cl^EaKcl-iEq) has a value lying between 
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Fig. 6.—Variation of and with (a^Ej)KaiEo) 

when ~ ^2 = 3° 46'. 

(./> « 25®, e = 45“; D/A = 0*5.) 


1 and sec {tj;^ — ^ 2 ) [which is very nearly equal to 1 in 
practice since is small (< 10 °)], and when 

— cos (27rcfi/A) lies between 1 and cos ~ ^ 2 ) 
there is a possibility of a 90° error. 

In this case, of course, the minimum will be extremely 
flat, in fact it would probably be quite impossible to 
obtain any reading unless (^1 — ^ 2 ) were large. 

€ is single-valued for all values of 277 di/A, only in 
three cases a^A == 0 , a^A - and =; 0 when 

the corresponding values of e are e = 0 , € = — ~ ^^ 2 ) ^ 

and € = — respectively. 

For all other values of ^ with d» iu 

the way shown in Fig. 5 . 
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(7) Variation of the Extreme Values of the 
Error with the Ratio of the Intensities of 
THE Waves. 

In Figs. 6 and 7 and Table 1 is shown the way in 
which the limiting values of e, corresponding to 


and as decreases so the area in which errors 

greater than, say, 1® can occur decreases, since the 
limits of be^een which the error e can 

be more than 1°, approach each other (see Fig. 9). Now 
(^1 02) depends on 0, and Z)/A, and Table 2 shows 



Fig. 7.—Variation of Sj and with {a^EA)l(aiBG). 


Curve A,—^When \}/i — ^2 
Curve B.—^W^hen xUi ~ 
Curve C.—When 


3® 45'. (^ = 45®; A 
1® 9'. = 45 ®; I 

0® 9'. = 45®; <#» 


25®; D/K « 0'5.) 
25®;i>/X = 0-3.) 
25®;i>/X=:0-U.) 


COS (27rdi/A) = 1 and cos (27TdjX) = — 1, called and € 3 , 
vary with for different values of — ^a)- 

In Fig. 6 the plot is for = 3 ° 45', corresponding 

to D/A = 0-5, 0 = 45°, <f> = 25° (see Fig. 2). This 
shows that gradually increases from zero to 
(01 "" 02 ) increases from 0 to 00 , while 

€3 rises to 45° at a^J[a^EQ) = 0*94, then drops to 
4(01 ~ 02 ) = 1-0 and decreases fiir- 

ther to — 45° at a^^l(a’iE(^ — 1*07, and between 
1*0 and 1*07 € may, under certain conditions, take the 
value 90° as shown above. Thus we see that for that 
value of (^1 — the error must lie in the area defined 
by the curves for € 3 ^ and € 2 - 

(8) Variation of and Cg* the Extreme Values 
OF THE Error, with the Dimensions of the 
System and with the Situation of the 
Transmitter. 

The magnitude of the error for any given value of 
cos (27rd^lX) varies with (^^ - ^ 3 ), and in Fig. 7 and € 3 , 
the limiting values, are plotted against a^Ej^fia^Eg) for 
three values of - ^ 3 ), viz. 0 ° 9 ', 1 ° 9 ', and 3 ° 45 '. 

From this we see that as (0i — 02) decreases, the 
curves recede towards the axes, the limiting values for 
any given value of CLjEjJ{aiE(^, not between those for 
which € = ± 45°, decreasing with (^^ - ^ 2 ) (see Fig. 8), 

VoL. 71. 


the values (^, — \jj^ when ^ = 25°, 0 = 45° for different 
values of D/A. 



Fig. ;8.~~ea plotted against ijsi — 

Particular case — {o.iEA)l{o.iEQ) « 2; and cos (27rc?/A) = — 1. 


In Table 1, where no value of e is given it means 
that the change of b is so small that it has been con¬ 
sidered unnecessary to calculate the exact value, so no 

■ 33 
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Table 1. 


aiEp 

qJEq 

- 

1/^2) = 0° 9' 


62 

__ 

0 

0 

0 

10 

0-1 

- 1' 

+1' 

5 

0-2 

- H' 

+ H' 

4 

0-26 

_ 


3 

0-33 

_ 

_ 

2 

0*5 

- 3' 

+ 9' 

1*5 

0-67 

_ 


1*43 

0*7 

- H' 

+ 21' 

1-25 

0-8 

- 4' 

+ 36' 

1-11 

0*9 

■-W 

+ 1° 21' 

1-063 

— 


_ 

1-053 

0-96 

-4r 

+ 2° 51' 

1-02 

— 


_ 

1-01 

0*99 

_ 


1-00 

1-00 

0 

1 

± 46° 

— 

1*002 

— 

_ 

— 

102 

_ 

_ 

— 

105 

_ 

_ 

— 

1-06 

_ 

_ 

— , 

1*072 

— 

_ 

— 

1*10 

- 

- 1° 39' 

— 

1*20 

~ 5' 

- 54' 

— 

1*25 

— 


— 

1*5 



— 

2*0 


~ 18' 

— 

3*0 

— 

- 

— 

4*0 

- 7' 

~ 12' 

'— 

5*0 

— 


— 

7*0 

— 

_ 

— 

10-0 

- 8' 

- 10' 

0 


- 9' 

- ~ 9' 


- «/^ 2 ) = 1 “ 9 ' 


A 


0*1 

0° 7' 

0*3 

1° 9' 

0*5 

3° 45 ' 


^ jff 2 ) decreases from to zero as 6 increases 

^ 3,nd is always zero when ^ = 0°, 45° 90® 

136 ,180 , etc., and has its maximum value at S = 224® 
67J°, etc. ^ 2 > 

In Table 3 are given the values of the various quan- 
values of the error depend 
pr different distances from a transmitter, for which 
0-1, and for ^ - 25°, assuming the height of 
the Heaviside layer to be 100 


nr 


24' 

27r 

SOi' 

34' 


- 35' 


36' 

38r 

4ir 

46' 


- 1 ° 0 ' 


3' 

9' 


0 

+ 7i' 
+ 17i' 


+ 1 ° 12 ' 
+ 2° 18' 

+ 4° 31' 
+ 9° 56' 

H- 21® 28' 
+ 45° 0' 
+ 26° 32' 
- 0° 35' 

- 45° 0' 
~ 26° 44' 

- 22° 55' 

~ 12 ° 21 ' 

- 5° 41' 

- 3° 25' 

- 2° 18' 


- 1° 27' 

- 1° 17' 

- 1° 9' 


(^1 - ^2) = 3® 45 ' 


0 

~ 204' 

- 38' 

- 45' 

- 56' 
1° 15' 

1° 33' 
1° 40' 
1° 46' 


1° 52' 
1° 56' 


- 2 ° 2 ' 

- 2° 15' 
“ 2° 31' 

- 2° 48' 

- 2° 58' 
-3° 6' 

- 3° 15' 
~ 3° 24' 
~ 3° 45' 


0 

+ 25' 
+ 57' 
+ 1° 13' 
+ 1° 52' 
+ 3° 44' 

+ 8° 13' 
+ 14° 40' 
+ 29° 55' 
+ 45° 0 


- 1° 52 
0 ° 0 ' 


- 45° 0' 

- 20° 36' 

- 11 ° 6 ' 

- 7° 30' 
~ 5° 33' 

- 4° 56' 
-- 4° 39' 

- 4° 21' 
~ 4° 7' 

- 3° 45' 


value hM been inserted. The value, if required, may 
be obtained by interpolation. 

Table 2. 


Values for the field intensities of the direct and 
indirect waves at various distances oversea from a 
transmitter estimated from some measurements taken 
^th the Orfordness beacon have been used and it has 
been assumed that at any distance from the transmitter 

■^A _2jE 7 (indirect wave) 

JSJji M (direct wave) 

which is only approximate in the receiving case unless 
the height of the aerials is small. 

The v^ues have been worked out, assuming the 
downcoming wave to be entirely polarized perpendicular 
to the plane of incidence, which means that the value 
of EJEg used is probably too large, which would require 
that in the curves drawn against distance. Figs. 9 and 10, 
and in the diagram. Fig. 11, the distance scale should 
be increased so that instead of a limiting error of 1° 
occurring at 280 km it should occur at 600 km, say. 

The way in which the errors are computed for any 
distance is as follows. 

'Bixst E^jEgis calculated from the estimated values 
of the intensities, and d is calculated by direct -bdangu- 
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Table 3. 


€2 Calculated for Different Distances from Transmitter. 


Distance 

Eg 


D/X = 0-1; <ji = 25» 






a^Ej^ 

a^EQ 



from 

transmitter 

e 

TtD . j . « 

sm </> sin B 

ttD . _ 

— cos ^ sin B 

ai 

0-2 


^2 


{^1-^2=^') 

€2 

km 

100 

0-42 


3° *39 

7°-27 

0-31 

0*140 

25“ 15' 

25° 

nv 

0*19 

2i' 

34' 

150 

0-61 

37° 

4° *58 

9°*81 

0*31 

0*188 

— 

— 

9' 

0*37 

10' 

10' 

200 

0-79 

45° 

5°-38 

ll“-63 

0*31 

0*221 

25° 15' 

25“ 8' 

7i' 

0*56 

15' 

12' 

250 

0*93 

51° 

5°*91 

12° *67 

0*31 

0*242 

— 

— 


0*73 

25' 

17' 

275 

1-11 

53i° 

— 

— 

0*31 

0-251 

— 

— 

5|' 

0*90 

1° 20' 

51' 

300 

1*20 

56° 

6°-30 

13°*51 

0*31 

0*259 

25° 15' 

25° 

5i' 

1*0 

—■ 

45° 

325 

1*29 

58° 

— 

— 

0-31 

0*264 

— 

— 

4i' 

1*10 

-1° 36' 

-51' 

350 

1-44 

60° 

6°-68 

14'='-ll 

0*31 

0*269 

25° 15' 

25° 11' 

4r ’ 

1*25 

-45' 

-20' 

400 

1*75 

63i° 

6°*81 

14° *59 

0*31 

0*277 

25° 15' 

25° 12' 

4' 

1*56 

-30' 

-10' 

450 

2*10 

66° 

6° *95 

14° *90 

0*31 

0*284 

— 

— 

34' 

1*92 

-18' 

-6' 

500 

2-50 

68° 

7° *05 

15°*11 

0*31 

0*288 

— 

— 

3' 

2*33 

_ 

_ 

600 

3-25 

71i° 

7°*21 

15° *45 

0*31 

0*294 

— 

— 

2' 

3*07 

— 

_ 

650 

3*70 

73° 

7° *27 

15° *59 

0*31 

0*297 

— 

. — 

— 

3*55 

_ 

_ 

700 

4-15 

74° 

7°*31 

15°*66 

0*31 

0*298 

— 

— 

i¥ 

4*00 

-12' 

-4' 

800 

7-00 

76° 

7° *38 

15°*81 

0*31 

0*301 

25° 15' 

25° 12' 

i¥ 

6*80 

-11' 

-31' 

350 

1*44 

60° 

DA=*o* 

' 4°-04 

15°*06* 

0*314 

0*269 

15° 12' 

15° 8' 

4' 

1*25 

-45' 

20' 


lation. Then (rrDiX) sin {ttD/X) cos cf>, (nD/X) sin (j> 
sin 6, and (ttjD/A) cos ^ sin 6 are calculated for the values 
of D/A and ^ considered, and from these are obtained . 


ai = 

d2 = 



+ sin® ^ 


ttD 

TCOS 




+ sin® 




i’l 

^2 


= arctan!i4^ZlM!^ 
sin [(^£)/A) cos <l>\ 

= arc tan [(’’•^A) sin ^ sin g] 
sin [(ttD/A) cos ^ sin 0] 


Having the values of these quantities, aJEj^KaiEg) and 
(^1 — 1 P 2 ) obtained, and then from Fig. 7 the 

values of and €2 can be obtained for a certain value 
of (^j — ip^), say 9'. Then the ratio of the value of e 
for (ip-^ — ^ 2 ) = 9' to that value of € for the actual 
(ipi — 1 P 2 ) can be taken from Fig. 8, and so the actual 
values of and eg can be obtained for the given con¬ 
ditions. 

In Fig. 10 is shown the plot of the modulus of Cg 
against the distance from the transmitter in kilometres 
when the height of the Heaviside layer is 100 km. 

The values of the various quantities in Table 3 were 
also calculated for ^ = 15° at a distance of 300 km and 
found to be almost exactly the same as for ^ = 25°. 
From these values and the fact that the error is zero 
when <p = 0, 45°, 90°, etc., the shape of the areas was 
surmised to be roughly that shown in Fig. 11, which 
was drawn to show the areas within which the modulus 


of the limiting value of the error is greater than 1° 
for a transmitter (see below) or receiver with aerials 



Fig. 9.— {a^Eji)l(aiEQ) plotted against the distance (km) from 
the transmitter. 

^ = 26°; height of Heaviside layer = 100 km. 

spaced A/10 apart. In Fig. 11 is also shown the 
boundary (full line) of the area within which > J°. 

It should be noted that these values of the limiting 
errors are worked out for a particular height of the 
Heaviside layer, and as this height varies so 6 varies 
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and so the areas shown will move inwards or outwards 
and alter in size to some extent. The movement of the 



Fig. 10. —^Modulus of (the maximum possible error of the 

observed bearing) plotted against the distance (km) 
irom the transmitter, when D/A = 0*1. 



Fig. 11.—Diagram showing areas in which the error e of the 

observed bearing may be > for d/a = 0 - 1 . 

_ bfitwBcn full {ind dotted lines € uxEy lie between i® anri Tneirio 

i° Md 1^°.” *’'* >>o“°‘iaries would eotrespond to about S" and 8° instead of 

' aviside layer wiU of course greatly affect d,. and so 
OTor will vary from minute to minute, and will only 

sionally haves the value €2. 


Thus it is seen that, using a fixed Adcock system, there 
are considerable areas, a few hundred kilometres from the 
transmitter, in which when D/X = 0*1 the error of the 
observed bearing may be more than 1°, and may in 
certain places be 20® or more, while for D/X = 0*3 
anywhere in these areas the error may be as much as 
5° and in some places 20® or more. 

The ratio of the squares of the amplitudes in the. 
maximum and minimum positions has been calculated 
for different conditions and it has been found that until 
the error becomes greater than 1® this ratio is never 
less than 500, so that blurring of the minimum is not 
serious until errors of several degrees occur. 

(9) Relation between Errors an£) Fading.*^ 

It is seen from the expression for the error caused by 
the downcoming wave that the maximum error always 
occurs when ^rrdjX = tt, i.e. when the vertical com¬ 
ponent of the electrical field due to the atmospheric 
wave is opposite in phase to that due to the ground 
wave, and so “ fadingis at its worst and the signal 
received weak. In Table 4 are given approximate 

Table 4. 


Distance 

from 

transmitter 


Eq (ground 
wave alone) 

' miles 


150 

0*63 

200 

0-44 

250 

0-28 

275 

0-11 

300 

very small 


indeed 

325 

-0-10 

350 

-0*24 

400 

-0*56 


Approximate error when- 


^= 0.1 


0-3 

A 


10 ' 

12 ' 

17' 

51' 

45® 

-51' 

- 20 ' 

- 10 ' 


0®*75 
1®*0 
2®-25 
5®-75 
45® 

- 6 °-l 

-2®‘35 

-l®-5 




1®*75 
2®-25 
6®*5 
20 ® 

45® 

-19®*5 

-7®*7 

-5® 


values for the amplitudes of the resultant field, in 
terms of that in the presence of ground wave alone, 
for distances from the transmitter near that at which 
the error may be 45®, corresponding approximate values 
for the error €3 when jD/A == 0 • 1 , i)/A = 0 • 3 , and 
p/A = 0*5 being given in columns 3 to 5. If there 
IS no fading, the signal strength being equal to that 
in the presence of ground wave alone, then the value 
of 27TdjX must be ^tt or Itt, and so we find that the 
expression for the error e is given by 

Sin 2(^1-4) 

+ cos — ^2) 

must always be positive and (0, — is 
always smaU when X>/A < 0-5, and so we find thatfthe 
error € is always less than (^i- ^ 2 ). and, when near 
the places of large error for 27rdi/A = zr, ajEgliaJE A is 
approximately unity and so € = |(^, _ ^) approxi¬ 
mately.^ Values of ((/tj - ^ 2 ) for different values of 6 
and D/A are given in Table 5. 
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It is thus seen that large errors in the observed direc¬ 
tion-finder bearing are always accompanied by severe 
fading so that the signal strength received is weak. 
The greater the spacing of the aerial system the less 
complete the fading. 

(10) Errors in the Absence of a Ground Wave. 

When only the atmospheric wave is present the 
observed bearing is given by 

tan iff^ = [(ttD/A) sin (f> sin g] 
sin [(ttD/X) cos <f> sin d] 

and so varies with 6, the angle which the downcoming 
wave makes with the vertical. 

There is, as we have seen, always a correction ils. — 6 
to be applied, so that the only variable error is (0, - 
is greatest when 0 = 22-|^ and 0^ 0^ will also be 

peatest for this value. Unless we know the value of 6 
it is impossible to estimate this error (0i — 0 ) which 
therefore comes in the category of indeterminate errors, 
with all others due to " night effect.’* The values of 
m - ^ 2 ) ^or different values of d and D/X are given in 
Table 5 and it is seen that these errors are only con¬ 
siderable when D/X >0-1. 

Table 5. 

Value of (01 — 0^), the Error of the Observed Bearing 
from the Calibration Curve, for Different Values of 6, 
the Angle of Incidence of the Atmospheric Wave, 
when there is no Ground Wave present, 0, the Relative 
Bearing of the Transmitter, being 22|-°. 


e 

— ^ 2 ) 

when D/\ = 0 • 1 

(|//1 -- \J/2) 
when i)/\ =:.- 0 • 3 

(l^fl -- \l/2) 

when D/\ = 0-5 

o°* 

0° 14|' 

2° 16' 

7° 10' 

10° 

0° UY 

0° 13' 

2° 7' 

7° oy 

20° 

2° 1' 

6° 39' 

30° 

0° lOj' 

1° 44' 

5° 37' 

40° 

0“ 8|' 

1° 22' 

4° 32' 

50° 

0° 6i' 

0° 58' 

3° 18' 

60° 

0° 4' 

0° 36' 

2° 3' 

70° 

0° 2' 

0° 17' 

0° 59^' 

0° 16' 

80° 

o 

O 

0° 4' 

90° 

0° 0' 

0° 0' 

0° 0' 


When the angle of incidence is 0 there is, of course, no pick-up: this is 
^ a limiting value given here. , * ^ uwa la 


(11) Application to the Fixed Adcock Transmitting 
System. 

Let the angle of coupling of the goniometer in a fixed 
Adcock transmitting beacon be tjt, and let the direction 
■of the observer make angle with the plane of one pair 
of aerials. 

The current in one pair is then hi sin ^ and in the 
other pair M cos 0 

The phase of the e.m.f. at any part of the transmitting 
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aerial must be the same all up the aerial, but EJ^, the 
potential at any point, will be a function of h so we have 

= ^J/(A) sin 0 sin oj 

at any moment. 

At a distant point we shall have exactly the same 
path differences for the two components of the ground 
ray as for the path differences of the two components 
received in the two halves of the aerial in the receiving 
case. Similarly for the atmospheric rays, both the 
dmect and that reflected from the ground, the path 
differences will be the same. Owing, however, to effects 
which depend on the direction of propagation, it may be 
that the ratio (atmospheric intensity)/(ground intensity) 
may not be the same in the two cases, but this does not 
affect the possibility of these large errors and blurred 
minima unless there can never be a component of the 
downcoming ray, polarized perpendicular to the plane 
of incidence great enough for (approx.), 

or, if there is, that it can never be 180° out of phase 
with the ground ray, which conditions we know are not 
as a rule fulfilled. 

The theory of reciprocity of transmitting and re¬ 
ceiving systems has been investigated by Pfrang and 
Sommerfeld, from whose work and the above reasom'ng 
it seems fairly conclusive that the errors with the 
transmitting Adcock system will be of exactly the same 
form as with the receiving system. 


(12) Practical Considerations. 

It has been shown above that with fixed Adcock 
direction-finding systems there is a possibility of errors 
as great as 90°, but that the probability of these large 
errors is fairly small for a receiver or transmitter in 
which D/A<0T, though for D/A = 0-1 there are 
considerable areas in which the error may be 1°, depend¬ 
ing on the phase of the downcoming wave. Also in 
the case of D/A <0-1 errors greater than are accom¬ 
panied by^fadingsuch that the resultant electric 
intensity is only approximately one-quarter of the 
normal electric intensity in the absence of an atmo¬ 
spheric wave, and decreases approximately inversely as 
the error increases. On account of this, the probability 
of error would almost certainly be detected in taking 
the bearing. If, however, either to obtain enhanced 
pick-up or in the case of direction-finding with short 
waves, the spacing is such that D/A > 0-1, the areas 
in which errors of several degrees occur is greatly 
enlarged and the error is not accompanied by such ' 
severe fading,'* so that it is much less likely that 
abnormality of the bearing will be suspected. In the 
above calculations the medium bn which the transmitter 
or receiver is placed has been taken to be a perfect 
reflector. In general this will not be the case, and this 
fact will greatly complicate the expressions and may 
quite likely result in larger errors. Over land the 
attenuation of the ground wave will be greater, and 
this will mean that the areas in which errors occur will 
be nearer the transmitter and also smaller. 

In the case of Adcock systems fitted on ships there 
will always be a likelihood of error, as the effect of the 
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ship on the wave is to produce a field similar to that 
due to the presence of both ground and atmospheric 
waves, and on shorter wavelengths the equivalent down¬ 
coming component may be comparable with the direct 
component, thus giving rise to the possibility of errors 
and blurred minima, which would not arise with the 
rotating Adcock system. 
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Summary. 

The paper deals with a method which could be employed 
to integrate the input to the primary side of step-down 
transformers by means of instruments connected in the 
secondary circuit. 

Primary maximum demand, both in kW and in kVA, is 
considered. In the case of the former a means of measure¬ 
ment is suggested, but to obtain the latter a calculation is 
necessary. Methods at present in use for the measurement 
of, and charging for, a supply of this kind are dealt with briefly. 


THE METERING OF E.H.T. SUPPLIES ON THE SECONDARY SIDE 
OF STEP-DOWN TRANSFORMERS. 

By S. H. C. Morton, Associate Member. 

[Papers first received 2m September, and in final form December, 1931; read before the Meter and Instrument 

bECTiON Uh March, 1932.) 

various supply conditions. The method of calculation 
employed is shown in Appendix 1. 

Maximum demand in both kW and kVA is considered. 
The load is supplied through a bank of two transformers, 
the particulars of which are set out below. 

Transformer ratio = 33 000/10 600 volts, delta/star. 
Transformer tests:— 

Open-circuit:—^Volts = 10 500; amps. = 11-5; 
watts = 15 000. 

Short-circuit:—^Volts = 2 150; amps. = 52-5; 
watts = 24 000. 

It is assumed that the transformers are used in the 
following manner:— 

(a) One transformer only on the 33-kV bars at any 
time. 

(b) Two transformers sharing the load. 

(c) One transformer taking all the load, plus one trans¬ 
former excited. 

The cost of energy per kWh is taken as 0*3d., and 
the maximum-demand charge as £4 per annum per kVA 
or kW. 

From the Table it can be seen that the difference m 
cost as registered by meters on the primary and secondary 
sides of transformers is sufflciently large to make worth 
while the installation of some additional apparatus in 
order to integrate the transformer losses and take into 
account primary maximum demand. 

General, 

Any supply, the cost of which is based on a two-part 
tariff and afforded to the consumer through the medium 
of transforming plant, can be considered to consist of 
three parts, viz. the secondary kWh, the maximum 
demand, and the transformer losses. Therefore, when 
a consumer takes a high-pressure supply and the meter¬ 
ing is done on the secondary side of the transforming 
plant, the supplier should, in order to render accurate 
accounts, add to the meter registrations a number of 
units equal to those used in transformer losses during the 
period for which the account is submitted. In addi¬ 
tion the secondary maximum demand should be in¬ 
creased (or decreased, if the maximum demand is based 
on kVA and the secondary power factor is of such a 
leading value to warrant it) to a value equal to that 
taken on the primary side. 

The measurement of the kWh used in transformer 
losses will first be considered. The losses in a trans¬ 
former can be split into two parts, viz. the iron and the 
copper losses.' The former are a function of the pressure 
and the latter a function of the current. If the primary 
and secondary currents and pressures are assumed to 
bear a definite relationship to each other, and if meters 
can be obtained which vary with pressure and current 


Introduction. 

The rapid expansion in the use of electrical energy, 
and the closing-down of many of the smaller generating 
stations, have led to the extension of the areas supplied 
from one central point. To transmit energy over these 
greater distances it has become necessary to increase 
the value of the transmitting pressures. A large con¬ 
sumer may be supplied with power at any pressure up 
to 132 kV, and the metering of such a supply become 
a very costly item. If the measurement of this type of 
supply is carried out on the primary side of a bank of 
transformers fed by means of a long overhead line, the 
instrument transformers are in a position of danger 
when abnormal conditions occur on the line. 

These considerations have led to the practice of 
installing metering equipment on the secondary side of 
transforming plant, arrangements being made between 
the supplier and consumer regarding the payment for 
transformer losses. 

Methods of Charging for Electrical Energy. 

Two-part tariffs now in general use are based on 

average maximum demand (taken over a fixed time 

period) and ener^. In the case of the type of supply 

under consideration the two most common methods of 

adjusting the account for transformer losses are either 

to add a fixed portion of the secondary charges to the 

account or to calibrate the meters to run forward on 

pressure only to compensate for iron losses, and to 

register high on load to take copper losses into account. 

Both these methods are haphazard, as they take no 

account of the number of transformers on load or 

excited. In the first case the losses are assumed to 

vary in direct proportion to the kWh used, and in the 

second the iron and copper losses are assumed to be a 

function of the pressure and load respectively. 

To illustrate the above point, examples have been 

worked out and a table (see page 508) has been prepared, 

showing the cost of a supply metered on the secondary 

side of transforming plant, and the additional cost of 

transformer losses and primary maximum demand under 

• Originally submitted as a thesis, and accepted as satisfying the examination 
requirements for Associate Membership. ^ * 
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THE SECONDARY SIDE OF STEP-DOWN TRANSFORMERS. 


in the same as the losses, it can be seen that their 
measurement is quite an easy matter. Whilst these 
assumptions are not quite correct it is shown later 
that the errors introduced are sufficiently small to be 
neglected. It is suggested, therefore, that for each 
transformer (assuming balanced load) two instruments 
are used for measuring the losses, i.e. the copper-loss 
meter which is connected in series with the load, and 
the iron-loss meter which is connected across the supply. 
In addition to measuring the losses these instruments 
are capable of indicating the demand in kW required 
by the losses, and by means of summation gear this 
demand could be added to the secondary load demand. 
In these circumstances the indication on the maximum- 
demand indicator would be approximately equal to the 
primary maximum demand. Fig. 1 shows the electrical 

Terminals 

... . ■_V 




Secondary- 
Primary- 




Pinion to 
engage 
with train 


Flux due to 
secondary 

Fig. 1.—Diagram showing the electrical and magnetic cir¬ 
cuits of an instrument which could be used (with suitable 
gearing) to integrate the copper or iron losses of a 
power transformer. 

The tennmals shown at the top are connected across the pressure in the case 
01 the iron-loss meter, and in series with the load when instrument is used to 
mtegrate the copper losses. 

The prima^ coil (the ends of which are connected to the terminals) and the 
secondary coil consist of a large number of turns of fine wire when the instru¬ 
ment is used as an iron-loss meter, and of a few turns of thick wire when used 
as a copper-loss meter. 

and magnetic circuits of an mstrument which could be 
used to integrate the iron or copper losses of a power 
transformer. 

An equipment of this type would therefore be capable of 
measuring the primary input and kW maximum demand. 

If the maximum demand is on a kVA basis the problem 
is much more difficult. No method of direct measure¬ 
ment is available, and it becomes necessary to make a 
calculation. In order to obtain the particulars required 
for the calculation the maximum-demand instrument 
should be of the recording type, and if it does not 
make a record of both kW and kVA a recording power- 
factor meter is necessary . A recording voltmeter should 
also be installed. From these instrument charts and the 
open-circuit and short-circuit tests of the power trans¬ 
formers, sufficient information should be available to 
calculate the primary pressure and current. If more 


than one transformer is on load no difficulty is presented, 
but in the case of transformers excited at the time of 
maximum load it is impossible to calculate the primary 
kVA unless an instrument to record the primary switch- 
ing operations is installed. The fact that iron-loss 
units are being registered would, in all probability, 
prevent a consumer from exciting a transformer un¬ 
necessarily and would thereby allow the calculation to 
be made with reasonable accuracy. 

Transformer Tests, 

To obtain the data necessary for the calibration of 
the copper-loss and iron-loss meters a series of short- 
circuit and open-circuit tests should be taken on the 
power transformers. The open-circuit tests should be 
carried out at as frequent intervals as possible, from 
about 15 per cent under-pressure to 10 per cent over¬ 
pressure, and the short-circuit tests should extend from 
25 per cent to 110 per cent of full load. If the losses 
(in watts) are then plotted against pressure and current 
respectively, the laws of the curves to which the instru¬ 
ments are to be calibrated can be obtained. 

Iron-Loss Meters, 

The iron losses of a transformer can be split into two 
parts, those due to hysteresis and those due to eddy 
currents. To arrive at the variations of the losses with 
varying frequency and constant pressure, using the 
Steinmetz formula we have:— 

Hysteresis losses = IcfB^'^ X 10~’ 

_ 0*47r/Na 

where I = current, 

N = number of turns, 

IX = permeability, 

I = length of iron, cm. 

Assuming the resistance to be small compared with 
the impedance, we have 

E 

J = -— 

27rfL 

and, as E is constant, B = xi 

/ 

Hysteresis losses therefore vary as 

Eddy-current losses = Jcf^B^, and as is proportional 
to 1// they must be unaffected by frequency. 

The losses would, therefore, follow a law of the form 
y = a -f- 

If it is assumed that the eddy-current and hysteresis 
losses are 0*2 and 0*8 respectively of the total iron 
losses, the formula would become 

Losses = 

When the pressure varies and the frequency is con¬ 
stant, it can be seen from the foregoing equation that 
the hysteresis losses would vary as and the eddy- 
current losses as E^. Again, taking the hysteresis losses 
to be 80 per cent and the eddy-current losses 20 per cent 
of the iron losses, the formula for variation of iron losses 
withpressurewouldbe:—-- 
Losses = 
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In modem stations it is becoming the coihmon practice 
to install some means of frequency control, and it is 
therefore unnecessary to take any account of the varia- 
tion of iron losses due to frequency fluctuation. 

The Steinmetz formula for iron losses is a purely 
empirical one, and, since it was arrived at, the iron used 
lor transformer cores has altered considerably. The 
approximate variations of these lossses with respect to 
voltage in the case of stalloy are given below. 


B, lines per cm2 
11000 

12 500 

13 500 

14 500 


Losses proportional to 

EZ-3 

JSfl 

E*‘ 


+ 1 ,^? ^ transformer operating on a 50-cycle circuit 

region of 13 000 to 
13 500 Imes per cm*. Assuming the latter density, 
the iron losses can be said to vary as 

In order, therefore, to measure the iron losses of a 
transformer correctly it is necessary to have a meter the 
registrations of which would vary as Sfi. There is, of 
course, no meter which satisfies this condition, but it is 
suggested that the errors introduced by usiqg an ordinary 
mduction instrument are small enough to be neglected, 
the instrument proposed would consist of a magnetic 
circuit containing two coils, one of which would be con¬ 
nected across two phases of the supplyin conjunction with 
a ^tential transformer, the other forming a closed circuit. 

The coil connected across the supply would have 
Howing in It a current proportional to the pressure. 
The flux produced by this current would cross an air- 
gap in which would be suspended, free to rotate an 
alumimuindisc. Current would be induced in the closed 

cod, which would act Uke the secondary of a trans¬ 
former. This would be arranged so that the flux pro¬ 
duced by the current flowing in it would cross the gap 
m a direction at right angles to the main flux. These 
^o fluxes would be in correct time and space relation 
^ would be proportional to 

When the instrument is produced, the dial will have 
to be calibrated to register kWh. To do this an open- 
circuit test of the transformer, the losses of which are 
to be measured, is necessary. The dial of the instru¬ 
ment would therefore integrate losses (KE^ hours) 

K bemg calculated from the pressure point on the open- 
S wor]Si 7 ® transformer would normally 

• investigate the errors which would be 

introduced by using an instrument of this kind, let us 
Msume that it has been calibrated so that it correctly 
mtegmtes the iron losses on a transformer when the 
tr^sformer is excited with normal pressure and the 
secondary is carrying no load. 

The transformer ratio is 33 000 /H 000 volts (delta/star) 
side ie^-—test-figures taken on the primary 

_ Volts = 2 150, amperes = 52 • 5 , watts = 23 100 • 
and the open-circuit test taken on the secondary kde 
gives the following:— ^ 

Volts ^ 11 000, amperes = 11 - 6 , watts = 14 400. ’ 

Transferred to primaryIron losses = 14.4 kW at 
33 000 volts; 


The iron losses vary as E^, where E is the primary 
^ssure. The meter gearing would be so arranged that 
1 ^ would read in units and obey the following 

Units = 0-119 X 10 ~® 172 hours (F being the second- 
ary phase-to-phase pressure). 

On open-circuit with 33 kV impressed on the primary 
winding and a terminal pressure of 11 kV on the 
secondary, the iron losses would be 14-4 kW and the 
meter would therefore register correctly. 

At 31 500 volts on the primary 

Losses (vaiying as .©>) = = IS-skW 

The meter would indicate 0-119 x 10 500* x 10“® 

= 13-12kW 

This is 6 • 0 per cent high. 



90 ~ 100 UO 

Percentage of normal pressure 

Fig. 2 .-^urve showing errors of iron-loss meter with varying 
ono^Sf® transformer. Transforael 

m errors from 27 000 volts to 37 500 volts are shown 
m Fig. 2. 

To find the errors of the meter at different loads and 
power factors the pressure at which it will operate can 
be arrived at by means of Fig. 3. (This assumes all 
resistance ^d reactance to be on the secondary side.) 
From this diagram it can be seen that 

j;2 = F* -f ef - 2Fe,[- cos - ^)] 

— F* -b 6 | -f 2 Fe 2 (cos^cos ^ -|- sin^sin^) 
where c, = voltage due to impedance, 

= voltage due to reactance, 

Cr == voltage due to resistance, 

V = secondary pressure (phase to neutral), 

.£7 = primary pressure in terms of secondary 
phase-to-neutral voltage. 
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As cos iff = e^/e^ and sin jp = eje^, 

+ 2 F(ey cos <f> sin 

From the short-circuit test we have, at full load per 
primary coil, 

F^ = 2 150; I = 30*6 amperes; watts = 7 700. 
Transferring to secondary. 

Coil ratio of transformation = ^ V^ \ ^ 5.2 

\ 11 000 / 

Vi = 414 = e^; I = 157*5 amperes; watts = 7 700; 

7 700 

ea: = VWI 42 - 492 ] = 411 volts. 

The secondary pressure at full load, unity power 
factor, when the primary pressure is 33 kV, is 6*350 



volts, assuming that there is no drop due to impedance. 
Therefore • 

6 3502 = F2 + 4142 + 2F(49 X 1 + 411 X 0) 
whence F = 6 287. 

Meter registration — 0*119 x 10-« x (6 287 X 
=:14*llkW 

Error in registration = 2*0 per cent low. 

Fig. 4 has been drawn to show the errors which are 
introduced into the meter when the power factor is, 
varied and the transformer working on full load. 

Under normal circumstances, as the load increases and 
the angle between the current and pressure becomes 
greater (assuming the current to be lagging), the ter¬ 
minal pressure on the transformer primary decreases. 
The amount by which the pressure falls depends upon 
the length of the line and the line-constants. On 
examining the two curves it can be seen that a fall of 
primary pressure will cause the iron-loss meter to register 
high, whilst an increase of load and a decrease of lagging 
power factor will have the opposite effect. A similar 


balancing of errors will occur if the power factor is 
leading. 

In the case of the transformer operating at 0 * 85 lagging 
power factor on full load, causing a fall in supply pressure 
of 5 per cent, a positive error of about 5 per cent would 
be introduced in the meter by the fall of supply pressure, 
whilst a negative error of 8 • 3 per cent would be caused 
by transformer regulation. This would mean an error 
in registration of about 3 * 3 per cent in the meter, which 
at full load would be only 3*3 per cent of 0*5 per cent 
(approx.) of the power supplied. This is an error very 
much smaller than that to which the main meters can 
be calibrated. 



Fig. 4.—Curve showing errors in iron-loss meters. Power 
transformer on full load with varying power factor. 
Primary pressure normal, 

Copper-Loss Meters. 

The copper losses of a transformer vary almost as the 
square of the current, and for all practical purposes this 
relationship can be considered to be correct, neglecting, 
for the moment, variations due to temperature. 

A meter to measure these losses presents a rather 
different problem from that for the iron losses, as in the 
latter the pressure only varies within fairly small limits 
but the current can have any value from zero to 125 per 
cent of full load. The effective range of an induction 
instrument is from full to l/25th load. A meter meas¬ 
uring copper losses which vary as 12 could be considered 
accurate from full to l/5th load of the transformer, the 
copper losses at the lower point being only 4 per cent 
of those at full load. Careful design and good work¬ 
manship could extend this range, and it might be possible 
to obtain accurate registration from 126 per cent to 
1 per cent of full load on the meter. The copper losses 
of a transformer vary with temperature. This variation 
can be assumed to be equal to 0*00428 per degree C. 
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A temperature-rise of 50 deg. C. in a transformer would 
tnerefpre cause an increase in copper losses of 21 • 4 per 
cent. Assuming a transformer to be working on a 
constant load and the difference between maximum and 
mimmum air temperature to be 40 deg. C. the copper 
losses would vary by 17-12 per cent. The copper-loss 
meter would be installed in a building of some sort and 
m most cases the temperature variation would not 
be very great. The meter itself would, of course, be 
affected by temperature, but this variation would be 
^all and for all practical purposes could be neglected, 
the registrations of the instrument can therefore be 
said to depend entirely on current, whilst the losses to 
be measured will also vary with the temperature of the 
transformer windings, which in turn are affected by the 
air temperature and the load. 

To arrive at a constant for the calibration of the 
instrument it is necessary to decide on some average 
value of air temperature and temperature-rise of the 
riansformer. The former can be obtained by studying 
tte temperature records for the district in which the 
transformer is to be installed. The average tempera¬ 
ture can then be used in obtaining the constant. In 
practace it is doubtful whether the trouble entailed is 
worth while, as a pure assumption has to be made of 
me transformer temperature and an error of 10 deg. C. 
in ^ estimate would only cause an error of approxi- 

at full load this 

would be only about 0 - 04 per cent of the total load taken. 

Assume that the air temperature in the district in 
which lie transform®r is installed varies from a minimum 
+ 36* C. (the average being 

■f 14 C.) and that the maximum rise in temperature 
of the ti^sformer is 40“ C. For the purpose of cali¬ 
brating the copper-loss meter the temperature of the 
transformer can be taken as 

36 


8 40 

-^ + y = 34“C. 

anranged to register correctly when 
this condition is fulfilled. 

In order to arrive at the errors introduced by this 
^ transformer the losses of which are 
Ki? temperature of the transformer windings 

IS 54 C. The maximum losses would occur when the 
^ temperature « 36“ C. and the transformer tempera- 
ture-nse 40 deg. C., making a total of 76“ C. 

Losses at 76“ C. = (kW)o{l + 0-00428 (76 - 34)) 

= l-1796(kW)o 
meter would register (kW)„, and the error taken 
as a percentage of the actual losses would be 15-2 per 
^t low. The minimum losses would occur when the 
toansfomer is s^tched on full load, the temperature of 
the wmdings being — 8“ C. ox 

Losses at - 8“ C. = (kW)o{l _ 0-00428 (34 + 8)) 

= 0-8205(kW)Q •’ 

The error m meter registration (taken as in the pre¬ 
vious case) will be 21 -9 per cent high. 

copper losses at fuU load are 1 per 
foil load tt. maaioOBi erroriatiodacsd tatt> tto 
«•» 1- cen. ol 1 foa con.. 


Maximum Demand in kW. 

2 correctly a supply on the usual 

2-p^ tariff ^e maximum demand of which is based 
on kW, provision must be made to add to the main 
^cond^ load the loads due to transformer losses 
i gear could be employed. This 

contactor type, in which impulses are 
^smitted from the meters to a separate summation 
meter Dials are provided on the latter for each indi- 
vidual meter for checking puiposes. The impulses 

Stted'+o^S “leter readings are trans- 

mtted to these dials and also to a common spindle 

for two dials per transformer to be operated by the 
iron-loss meters respectively, in addition 
to that for the secondary load. The use of this type of 

dernTn^t enable the primary units and maximum 
fcmScy ^ ‘^^Sree of 

Maximum Demand in kVA. 

sources of inaccuracy 
f themselves when a calculation to obtain primary 

SI however, there ri 

the fact that the result of such a calculation would be 

^opted with the exception of actual measurement on 
^e high-pressure side of the transformer. By using 

JScon'Sf"™ sugg^ted earUer, we can determine thf 
secondary maximum demand in kVA and/or in kW, and 
the secoi^ary power factor and secondary pressure 
We also have the transformer short-circuit a^d opem 

tw^^i ®^® ^•hle to make 

the calculation in the following manner;_ 

Two sets of curves should be drawn. The first set 

should show the y^ations of both impedance voltage 

^e short-circuit tests, from which these results are 
obtained, will usually be taken on the primary side, and 
It wiU be found an advantage to plot the curves with 
equivalent secondary values. 

The second set of curves, obtained from the open- 
circuit tests, should show the variation of no-load cur¬ 
rent and iron losses (in watts) with varying line pressure. 

To obtain the pnmary pressure in terms of the 
se^ndary, the first-mentioned curves are used. The im¬ 
pedance voltage and the watts loss due to resistance, 
TOrresponding to the main secondary current, are found. 

fw. P^®!S«re (in terms of the secondary) can 

then be calculated by means of the formula ^ 

~ + 2F(e, cos ^ ± e* sin ^) 

where V = secondary pressure, 

== impedance voltage, 

Bjr = voltage due to resistance, 

= voltage due to reactance, • 

^ = angle of lag between pressure and current. 

The sign between the terrhs in brackets is positive 
tor a laggmg power factor and negative when the power 

factor is leadmg. The value of the current is found in 
a Similar manner. 
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From Fig. 5 it can be seen that 

4~ -^0 + cos ^ i 7^ sin (j>) 

By using the second set of curves the no-load current 
at the pressure E can be found. The iron loss in watts 



can also be obtained and from this 1^ calculated, being 
the base of the right-angled triangle of which Jq is the 
hypotenuse. The kVA can be calculated from the pres¬ 
sure and current in the usual way. 


In Appendix 2 an example has been worked out, 
using figures taken from a supply which is measured by 
means of an equipment on the basis of that outlined 
herein. 

Position of Instruments in the Circuit, 

One iron-loss meter operated by means of a single¬ 
phase potential transformer is required to measure the 
iron losses of each power transformer installed. This 
potential transformer should be connected in such a 
position that it is energized when the high-pressure 
switch is closed. 

The number of copper-loss meters required varies 
according to the nature of the load. In the case of a 
balanced load one only is necessary, but if the load is 
unbalanced three instruments should be used. These 
instruments will be operated by means of current trans¬ 
formers connected in the transformer secondary circuit 
and will not function unless the transformer is on load. 
The instruments for measuring the secondary load would 
be connected in the usual manner between the incoming 
and outgoing feeders. Fig. 6 indicates these connections. 

Cost of Equipments. 

The tables in Appendix 3 have been prepared in 
order to compare the cost of metering equipments of 
the tyi^ outlined in this paper with equipments con¬ 
nected in the primary circuit of power transformers. In 
the latter equipments the apparatus consists of two 
kWh meters, one maximum-demand indicator, one 
maximum-demand recorder, two sets of current trans¬ 
formers, and two single-phase potential transformers. 
In the former the main metering is the same, except 
that the two single-phase potential transformers have 
been replaced by one 3-phase transformer. Additional 
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apparatus is also included for measuring transformer iron 
and copper losses. The cost of testing and installing is 
not included. 

The supply to be metered is assumed to consist of 
three 3 000-kW transformers, ratio 33 000/11000 volts, 
supplying a balanced load. 

Although the cost of the equipment is a matter of 
importance the safety of the apparatus should also be 
very carefully considered before a final decision is made 
regarding the type of metering to be installed. 

Conclusion. 

The author has suggested in the paper a means of 
improving the present method of metering e.h.t. supplies 
on the secondary side of step-down transformers, but he 
has not advanced it as an argument in favour of in¬ 
stalling meters in that position. On the contrary, if 
financial and tecjhnical considerations allow, the metering 
should always be done on the incoming supply side. 

The installation of recording instruments when the 
maximum demand is charged on a kVA basis may I 
perhaps appear at first sight to be a complication peculiar 
to the arrangements suggested in the paper. In actual 
practice, however, the author has found it well worth 
while to use maximum-demand instruments of this type 
for the larger consumers, as useful information can be 
obtained from the charts and complaints can be readily 
adjusted. 
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APPENDIX 1. 

Calculation to Obtain Figures for Table of Costs. 
Tmnsformev Particulars, 

Ratio == 33 000/10 500 volts, delta/star, size 3 000 kVA. 
Open-circuit tests (taken on secondary side):_ 

Volts = 10 500, current = 11-5 amperes, 
watts = 15 000. 

Short-circuit tests (taken on primary side):_ 

Volts = 2 150, current =52*5 amperes, 
watts = 24 000. 

Maximum Demand in kW, 

One transformer only on 33-kV busbars. 

Maximum demand on secondary = 2 550 kW 
Units per annum .. .. .. = 12 000 000. 

Iron-loss units per annum = 15 x 8 760 = 131 500 
Maximum demand due to iron 
losses .. .. .. .. = i5kW. 

Maximum demand due to copper 

losses at 44*7 primary am- 

peres : y. V., . . = i7.4 kW. 


: 28*4 amperes. 


Copper-loss units (load factor 53 • 9 
per cent):— 

Assumed form factor on above 
load factor .. ,, .. = 1*18. 

R.M.S. value of primary current 
_ 44*7 X 53*9 

- 200 - X 1*18 ..= 28*4 amperes. 

Average value of copper losses ., = 7-02 kW. 
Copper-loss units per annum 

8 760 x 7*02 = 61 500. 
The figures for the other two cases when the maximum 
demand is in kW are arrived at in a similar manner. 

Maximum Demand in kVA {Power Factor 1*0). 

One transformer only on 33-kV busbars. 

Maximum demand ‘on secondary = 3 000 kVA. 
Ratio of transformation per coil= 6-44. 

Transferring short-circuit test to secondary side we 
have per coil:— 

Volts = 396, current = 165 amperes, watts = 8 000. 
From this we obtain:— 

= 396, 6;. = 48 * 5, = 393, 

where = voltage-drop due to impedance, 

= yoltage-drop due to resistance, 

= voltage-drop due to reactance. 

Secondary voltage is assumed to be 10 500 volts, 
therefore F = 6 060. 

JSf- = F2 + ef + 2F(e;. cos ^ sin ^) 

= 6 060^ + 396^ + 2 x 6 060(48*5 x 1) 
whence Ep = e 122 volts. 

+ -^0 + 2Ig(J^ cos ^ + sin 

where Ip = primary current in terms of secondary. 

Is = secondary current = 165 amperes, 

Iq = no-load current =11*5 amperes. 

Is = no-load energy current =0*83 amperes, 

/^ = magnetizing current = 11*5 amperes 
(approx.). 

.-. Ip = 166® + 11-62 + 2 X 165(0-83 X 1) 

.*. Ip = 166 amperes. 

166 X 6 122 X 3 

kVA --2,-. = 3 049 

1000 

I Units used in iron losses per annum = 131 550 (average 

pressure assumed to be 10 500 volts). 

Copper losses (load factor 45*6 per cent) 

Form factor at above load factor assumed to be 1 • 26. 
Maximum current on primary =52*5 amperes. 

T?T\>rc 4 . 52*5X45*6 

R.M.S. current =-- X 1*26 

100 ^ ^ 

= 30*2 amperes. 

Average value of copper losses = 7*94 kW. 

Units used in copper losses per annum = 7*94 x 8 760 
= 69 600. ‘ 

The same method is employed for obtaining all the 
Other figures when the maximum demand is based 

'.oh'kVA., ' ■ . 
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APPENDIX 2. 
Calculation of kVA. 
Transformer Tests. 

Ratio = 33 000/10 500 volts, delta/star. 
Transformer rating = 3 000 kVA. 

Open-circuit tests (taken on secondary side):— 


Volts Amperes Watts 

9 490 3-55 9 210 

10 280 6-28 11 660 

11000 11-58 14 400 

Short-circuit tests (taken on primary side):— 

Volts Amperes Watts 

1 985 47-7 17 000 

2 470 59*5 26 400 

1496 ‘36*1 9 600 



Calculation of Equivalent Primary Pressure. 

Primary is connected in delta, therefore the short- 
circuit tests per coil are as follow:— 


Volts 

1496 

1 985 

2 470 


Amperes 

20-8 

27-6 

34-4 


Watts 

3 200 
6 667 
8 800 


Secondary coil pressure = 10 600/a/3- 

Coil ratio = (33 000/10 500) v/3 = 5-44. 

Short-circuit tests per coil (transferred to secondary):— 


Volts Amperes 

275 115 

365 149-5 

455 187 


. Watts 

3 200 
5 667 
8 800 


From these figures Fig. 7 is produced. 

Fig. 8 is drawn from the actual test-figures. 


From these curves and the instrument charts the 
primary kVA can be found. 

Assume that at the time of maximum demand the 
charts give the following results:— 

Maximum demand on secondary = 2 800 kVA. 
Simultaneous power factor ,. =0-92 (lagging). 
Simultaneous secondary pressure = 10 200 volts. 

To Find Pressure, 

Secondary load current .. .. = 158-5 amperes. 

Secondary pressure F per coil .. = 5 900 volts. 
From the short-circuit curves:— 

Impedance pressure e- per coil at 158-5 amperes 
= 386 volts. 

Watts per coil at 158-5 amperes == 6 350. 

Drop Cy due to resistance 

6 350 

= 15 ^ = (approx.). 

Drop due to reactance 

= V[3862 - 402] ^ 384 

Where E is the equivalent primary pressure we have 
(see page 512) 

= F2 + e| + 2F(ey cos (f> + sin (^) 

= 5 9002 -f 3862 + 2 x 5 900 

X (40 X 0-92 + 384 X 0-39) 
whence E = 6 094 volts. 

Line pressure = 10 550 volts. 



Fig. 8. Open-circuit tests taken on secondary side of trans¬ 
former. Curve showing the variation of iron losses (in 
watts) and current with varying pressure on transformer. 


To Find Current. 

No-load current /q at 10 550 volts = 8-0 amperes. 
Watts (total) at 10 550 volts .. = 12 450. 

Energy component Jg of no-load 
current .. .. .. _ o-68 ampere. 

Magnetizing current .. =7-9 amperes 

(approx.). 

From page 513 we have :— 

= Jj* + ./q + 2/^(7^ cos ^ sin ^) 

= 158-52 + 82 + 2 X 158-5 

X (0-68 X 0*92 + 7-9 X 0-39) 

whence = 162 -4 amperes. 

• 1-vrA 10 550 X 162-4 X a/ 3 
Calculated primary kVA --— 

^ 1000 
= 2 966 kVA. 
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MORTON: THE METERING OF E.H.T. SUPPLIES ON 


Discussion before the Meter and Instrument Section, 4th March, 1932. 


Mr* E. Fawssett ; While I disagree to some extent 
with the general methods advocated in the paper, 
financial and technical considerations never allow the 
metering to be done on the incoming supply side if 
there is any suitable alternative, assuming (and this is a 
big assumption) that it is necessary to measure the 
transformer losses accurately. The phase-angle charac¬ 
teristic of a current transformer of modern design, with 
plenty of ampere-tums and a mumetal core, consists in 
essence of two straight lines nearly at right angles, 
corresponding to no change or very great change of 
phase-angle with load. "When one is trying to measure 
the iron losses on a power transformer, which may have 
a power factor of 0*15, the current transformer is work¬ 
ing on the latter characteristic, the error in the meter 
reading being 20 to 30 per cent due to the current 
transformer. The particular problem dealt with by the 
author is not very representative of those the average 
power company has to deal with in everyday practice. 
The more general case with which we have to deal on 
the North-East Coast is the transformation of 33, 20, or 
^ ^ ^ for collieries and 440 volts for the average 

manufacturer. The author is a little unkind to other pos¬ 
sible methods of adjusting the account for transformer 
losses whenhe describes these as '' haphazard." Further, 
he is incorrect in stating that in the second method men¬ 
tioned the iron and copper losses are assumed to vary 
as the pressure and load respectively." The creep 
characteristic of an induction watt-hour meter is such 
that the speed varies as the square of the applied pressure, 
and it closely approximates to the usual iron-loss curve. 
On^ page 510 the author gives some interesting figures 
which eventually lead to the conclusion that for a 60- 
cycle transformer working at normal voltage, changes in 
voltage cause the iron losses to vary as JE^. The follow¬ 
ing figures are the mean values obtained from 6 different 
modem 3 000-kVA transformers with 50-cycle 20 000- 
volt primaries and 2 875-volt secondaries 


kV 

Percentage 
of normal 

B2 

kWloss 

Relative loss 

18 

90 

per cent 

81 

5-3 

80-3 

20 

100 

100 

6-6 

100 

22 

110 

121 

7-9 

119-7 


According to these values the iron losses are roughly 
proportional to and the power factor of the magnet- 
izmg current is considerably lower than that associated 
with older transformers. The power factor that the 
metering current transformer has to deal with is about 
0*1 at about 1 per cent of full load, and if this value is 
representative of modem practice Fig. 2 rather over- 
states the error of the iron-loss meter. On page 612 
'^e author arrives at a mean temperature of 34° C. 
the purpose of calibrating the copper-loss meter, 
lew of the fact that most of the registration of 
'^opper-loss meter will be at high load, that tem¬ 


perature ought to be a weighted average, and not the 
arithmetic mean of the two outside temperatures: 
instead of 40 -f 2, a figure nearer 27 or 28 should be 
inserted, giving a calibrating temperature of 42° C. 
With regard to Fig. 5, if the kW demand only is required 
this equipment is too complicated and too expensive, in 
view of the fact that it has to deal with only about 2 or 
3 per cent of the whole bill. Possibly, however, it 
might be justified if the copper-loss and iron-loss meters 
were really correct over a wide range and the annual bill 
were extremely heavy. I should like to register a plea 
for " compensated " metering, which seems to me to be 
both cheap and accurate. We have employed it for 
some years and it has never involved us in a dispute 
with a consumer. I will take as an illustration a fairly 
small supply through a single transformer, assuming 
open-t 5 rpe high-tension metering and 100-ampere¬ 
primary current transformers. The cost of good- 
quality equipment incorporating one polyphase h.t. 
meter would be £68. Low-tension compensated equip¬ 
ment, on the other hand, would mean an ordinary 440- 
volt meter with 2 000/5 current transformers, which 
would have a vastly better performance. This would 
cost about £15 plus a special calibration charge (about 
£10) for bringing in the iron and copper losses, or a total 
I of £25, as against £68 for h.t. metering. We, might 
apply similar reasoning to the author^s Appendix 3. I 
would solve his problem by installing a single ppl 5 q)hase 
meter in each of the secondary sides of the two main 
tensformers, so that each one would be energized when 
its own particular transformer was alive. I would get 
the demand by summing the currents from those two 
individual circuits on a third master meter, and make 
that the demand meter, the voltage for it being provided 
through a selector relay. This scheme, with the excep¬ 
tion of the iron-loss compensation device, is being 
adopted by the Central Electricity Board on minor 
supplies. The cost of such an equipment would be 
about £170, as compared with £516 for straight metering. 
The iron-loss registration, which is obtained by setting a 
straight creep on the meter from previous level com¬ 
pensation, is almost exactly proportional to over the 
range of voltage likely to be encountered. The current 
creep is obtained most satisfactorily by electrical un¬ 
balancing. If a meter has TO turns on either current 
coil, unbalancing to the extent of 1 turn will give just 
about the right amount of current creep for the average 
power-transformer copper loss if the power transformer 
and the main metering equipment are of the same out¬ 
put. At one time it was impossible to combine shunt 
and series running so as to fit the theoretical curve 
throughout the range; the meter was too fast at about 
half load and too slow at full load. With the modem 
meter, however, which has a much better curve fh gn the 
type in use 5 years ago, it is possible by combining shunt 
and series creep to fit the theoretical curve exactly. The 
technical justification for this scheme is, in brief: (a) 
Creep correct and reasonably constant; (6) far better 
current transformers, with a much safer design; (c) 
copper loss can be corrected for with reasonable accuracy; 



519 


THE SECONDARY SIDE OF STEP-DOWN TRANSFORMERS: DISCUSSION. 


id) fax more accurate readings obtainable than direct 
e.h.t. metering can be expected to give. 

Mr. H. S. Dransfileld: A serious objection to the 
arrangement suggested in the paper is that, if there were 
a dispute with the consumer, it would be difficult for 
him to understand exactly how the arrangement worked. 
The author describes a complicated arrangement for 
measuring the maximum demand on the primary side; 
it seems td me that if he measured the straight maximum 
demand on the secondary side, the maximum demand on 
the primary side could be arrived at quite efficiently by 
adding on paper a suitable amount, For many reasons, 
I should be inclined to separate the two parts of these 
charges as far as possible. If the iron losses in the 
transformer appeared large, as at a time of light load, 
there would be a considerable reading on the meter even 
when the consumer was possibly using no current at all, 
and this could lead to misunderstanding. I once met 
with an instance where the transformer had to remain 
switched in for a long week-end to supply the caretaker 
with current for two lamps. The cost of lighting appa¬ 
rently worked out at about Is. per unit, and it was 
difficult to persuade the consumer that he was not being 
overcharged. I should like more details of the charac¬ 
teristics of the special instrument which is being used in 
the author*s scheme. Does it conform to the usual 
British Standard Specification with regard to accuracy ? 
The author states that under some conditions he would 
require records of the high-tension switching operations; 
but as such switching is usually beyond the control of 
the meter department, I doubt whether in practice it 
would always be possible to get reliable records. The 
losses on the transformers are in many cases so small in 
proportion to the total load that it is doubtful whether 
the errors of the meters—no matter on what side of the 
transformers these were put—^would not be greater than 
the losses expressed as a percentage of the total units. 
In certain cases I computed the loss with the aid of an 
hour meter and time switch, making allowance for 
load factor. This method has worked quite well and no 
difficulty has been experienced in obtaining the con¬ 
sumer's agreement. 

Mr, E. W. Hill: I support Mr. Fawssett in his opinion 
that it is fallacious to assume that high-tension metering 
necessarily measures accurately the losses of a power 
transformer. With current-transformer characteristics 
as they are, and with the limitations on the ampere- 
turns of high-tension current transformers and the con¬ 
sequent large and rapidly-changing phase-angle error at 
very low roads, one can only speculate as to the magni¬ 
tude* of the inaccuracies involved in measuring the iron 
losses on the high-tension side, when they form the only 
load. As regards Mr. Dransfield's instance of a con¬ 
sumer who had to pay Is. per unit at a time of very light 
load, the high-tension meter on that installation may 
have been very seriously over-registering the iron losses 
by reason of phase-angle errors in the current transformer 
as much as 10° to 15° in advance of the proper angle. 

If the losses are measured by a specially compensated 
nieter on the low-tension side, the uncertainty as to 
accuracy disappears and a very close approximation to 
the truth can be attained by imparting to a meter (which 
has a good straight curve as part of the necessary right 


initial characteristics) the required shunt running effect 
for the iron losses, combined with a series creep for the 
copper losses. It is not very difficult to contrive this 
especially as modern power transformers have quite low 
iron losses and thus do not involve too exaggerated a 
forward shunt creep. It would almost seem that the 
separate iron- and copper-loss integrators were un¬ 
necessary, unless it is thought desirable to segregate the 
record of the losses and preserve the main meter's record 
unimpaired as an accurate," or rather an " unfalsified " 
instrument, and unless the difficulty as to maximum 
demand becomes involved. The particular difficulty in 
this respect when more than one power transformer is 
involved apparently makes unavoidable the use of separ¬ 
ate iron- and copper-loss meters, with some kind of 
mechanical summation. In my opinion the suggestion of 
adopting electrical summation of two or more com¬ 
pensated meters is unsound, since it is necessary not 
to summate currents (strictly watt components of cur¬ 
rents), but dial readings of the individual meters, which 
have an arbitrary and non-systematic relation to the 
currents in the meter coils. The measurement of kVA 
demand is a very difficult problem, and I should shrink 
I from using the author's solution of that problem unless 
no other were available. The conditions which would 
compel the use of the method outlined in the paper are 
such as would in general arise only where an under¬ 
standing consumer was concerned. Obviously the case 
quoted by the author is one of bulk supply to a small 
township, where there will be a resident engineer who 
will be receptive to the necessary technical explanations. 
There are two details of the paper on which I wish to 
comment. First, I do not agree with the statement on 
page 510 that the iron losses vary with the cube of the 
voltage: my experience is that they vary rather as the 
square of the voltage. Secondly, under the heading 
" Maximum Demand in kW " (Appendix 1) there is an 
item " R.M.S. value of copper losses = 7 • 02 kW." I 
have always understood that power should be expressed 
as an arithmetical average and not as an R.M.S. value, 
and I therefore cannot see why the author should express 
the copper losses in this way.* 

Mr, J. G, Wellings: I do not agree that an instru¬ 
ment transformer is necessarily a possible source of 
danger on high-tension lines. It has been proved that 
instrument transformers can nowadays be made as 
reliable as most other parts of the circuit. On the other 
hand, from the point of view of price,* there are certain 
cases—particularly above 33 kV—where some such 
scheme as the author advocates is possibly justified. 
Current transformers can be installed in perfect safety 
at a reasonable cost on any high-voltage line, provided 
a bar-primary construction is adopted. As regards 
minimum current for bar-primary transformer ratings, 
a rough rule is that for circuits above 33 kV the full-load 
primary rating in amperes which it is possible to meter 
with reasonable accuracy corresponds approximately to 
the rating of the circuit in kV; i.e, for 66 kV, 66 amperes 
can be metered satisfactorily ; for 132 kV, 132 amperes, 
etc. I should like to emphasize that in any case where 
the current is less than these values there is a decided 
advantage in using current transformers on the low- 

* Revised for the Journal. 
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teiMion side, in order to avoid the possibility of trouble 
under short-circuit conditions. Alternatively to the 
author’s scheme, I would refer to the various methods 
of employing instrument transformers on the low-voltage 
side and. compei^ating for the drop on the power trans¬ 
former in the manner described in a recent . paper.* 
Apart from cost and technical considerations, the ques- 
tiom of maintenance and space are important in regard 
to high-voltage instrument transformers. While I thinV 
ttere is a good deal.of scope for the author’s arrangement 
for the metering of . circuits of 33 kV and above, for 
jvoltaps below 33 kV a direct metering scheme is pre¬ 
ferable. r agree with both the previous speakers who 
have criticized the statement that the core loss of the 
power transformer varies with the cube of the voltage. 
The loss actually varies roughly as the square of the 
voltege, and I feel that the author’s figures in this con¬ 
nection are erroneous. , 

_ Mr. F. E. J. Ockenden: I am interested in Mr. 
Fawssett’s results obtained by direct measurement on a 
transformer, which show that the iron losses vary very 
nearly as the square of the voltage. According to a 
paper by Webb.f a remarkable diversity of opinion 
existe as to what the Steinmetz formula for iron losses 
really amounts to at transformer densities. The paper 
quotes Stroud as sa37ing that the index is 1-7 up to 
17 000 lines per cm^, while Prof. Bailey gives the figure 
M 2 - 4 between 14 000 and 18 000 lines per cm^. Barrett, 
Brown, and Hadfield give it as 2 • 1 from 12 000 to 17 000 
1 = Wilde sayu it does not exceed 2 up to 

,^000 Imes^per cm^. The average figures given by 
Webb are 1 • 9 for 12 500 lines per cm^ and 2 • 5 for 15 000 
Imes per cm®. Assuming as correct the author’s state- 
satisfactory-density would be in the region 
of 13 000 to 13 500 lin^: per cm^ the index would be 2. 
This not only confirms Mr. Fawssett’s figures but also 
shows that the author is probably in error in stating the 
index to be anything like so high as 3. On the other 
3n , assuming that the value 2 is correct, the meter 
with which he proposes to measure these losses becomes 
even more accurate than he suggests. As far as I can 
see, the only objection to it as an accurate means of 
measuring the iron losses is that we must either put it 
across the primary terminals of the transformer, which 
may mean making it suitable for extremely high voltages 
OT across the secondary terminals, in which case the 
feansfomer regulation has to be taken into account, 
since ine chief purpose of his meter is to measure losses 
due to fluxes, I suggest that we should-connect its voltage 
•winihng-directly to a tertiary winding placed on some 
po^ m the transformer which is approximately at 
earth potential. The arrangement then becomes a core¬ 
loss meter operated directly by the flux in the trans- 
fpraer core. It should be quite feasible to put such a 
t«rtary winding on a power transformer, since .simiUr 
wmdmgs are now used for measurement purposes on 
X-ray transformers operating at 300 000 volts. Treated 
^ a copper-loss meter, the device shown in Fig. 1 omits 
the resis^ce in the secondary circuit which is essential 
a an adequate, phase displacement between the two 
fli^es IS to be obtained. By suitably proportioning the 
X.E.i:, p 704 Transformers,” 


•‘•oovi, VOI. oa p, 704 . 

t Joi*rnal I.E.E,, 1^2% yo\, 64, p, 409. 


ratio^ between the resistance and the reactance of this 
circuit it is possible to make the torque on the disc due 
to the operation of the two fluxes almost proportional to 
the value of the resistance. I think this feature pro¬ 
vides us with a ready means of improving the per¬ 
formance of -the meter. The author points out that the 
transformer losses vary with temperature and that the 
suggested meter takes no account of such variations. 
If, however, the series resistance in the secondary circuit 
were constructed of copper and were placed either 
within the transformer tank, where it would attain a 
temperature proportional to the temperature of the 
transformer itself, or in proximity to a heater device 
carrymg a current proportional to the load current, the 
resistance of the secondary would vary with the tempera¬ 
ture of the transformer and the torque would vary in the 
same manner. The meter would then register the copper 
losses correctly, independently of the temperature of the 
transformer windings. 

Mr. W. A. H. Parker: Although previous speakers 
have raised objections to the complications which will 
arise if the equipment advocated by the author is in¬ 
stalled, the fact that the transformer losses on’ a bulk 
supply vary between 1*47 and 7*25 per cent (see page 
) makes it important to have a method of measuring 
these losses which is not based on guesswork. There is 
a danger in so-called simplification; we ought to realize 
hat if the losses are not directly measured there is a 
tendency for the seller to assess them at too high a 
fi^re when fixing his prices. Further, when, in the near 
^ture, we are all purchasing from the Central Electricity 
Board, we shaU be interested to know whether the Board 
propose to measure the losses or to assess them at an 
exixa 5 or 10 per cent and add these figures to our bills. 
It IS impossible to estimate transformer losses, because 
they vary with the running conditions of supply. I 
should like to refer here to a problem which I have dis- 
cussed with a large number of people and to which no 
one seems to know the answer. Section 61 of the 7th 
Schedule of the 1926 Act says ; " The number of kW of 
m^mum demand for any month shall be deemed to be 
wice the largest number of units of electricity supplied 
o the undertakers during any consecutive 30 minutes 
during that month.'' The Merz system of maximum- 
demand recording does not fulfil these conditions, and so 
far as I am aware there is not on the market an indicator 
recorder depending on integration which does fulfil 
mem. It seems to me that some form of thermal 
device will have to be used to’meet these requirements. 
Thus at present we are not really complying with the 
Act and I therefore think that meter engineers should 
apply themselves to this particular point as quickly as 
possible. This sentence was probably drafted in error 
in the Act, but it would be interesting to know whether 
those responsible for drafting it approached any repre¬ 
sentative of the electrical industry before the wording 
was decided upon. It was rather interesting to note the 
reactions of the meter manufacturers to the original 
inquiry which we sent out in connection with the special 
equipment required for the metering S 3 rstem dealt with 
by the author. Only two of the firms approached were 
really interested; the others either ignored our sug¬ 
gestions or put forward alternatives which Ve h 
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already turned down. I believe, however, that the 
meter manufacturers have now realized that their 

previous conservative attitude, was wrong, and we must 

admire the work they have done in connection with the 
Central Electricity Board. The author makes it quite 
clear (page 614) that he does not consider this to be the 
best method to adopt for metering all e.h.t. supplies, 
but he puts it forward as an improvement on the present 
method of metering such supplies on the secondary side 
of step-down transformers. 

Mr. R, S. J. Spilsbury: The instruments proposed 
by the author have one definite advantage, over the 
alternatives which have been suggested in the discussion, 
in that they leave the main meter unaffected. This may 
be important where a certificate from an independent 
authority is desired: such an authority would pre¬ 
sumably refuse to certify a meter which had been so 
sophisticated as to include the losses of the supply 
transformer, but if the author’s instruments were used 
the main meter would be of the normal kWh type, and 
certifiable as such, while the accuracy of the iron-loss 
and copper-loss meters would be less important. The 
instruments would also give interesting information as 
to the relative importance of the iron and copper losses 
of the transformer under the conditions of use. The 
author’s value for the exponent of the total-loss equation 
has been generally criticized, and while values of 3 and 
over are not unknown, they are, I think, unusual in 
transformers of normal design. A new distribution 
transformer which I recently tested gave a value for the 
exponent of almost exactly 2. If, however, a meter 
pving a speed proportional to (voltage)^ is required, and 
if the possibility of constructing a satisfactory meter for 
(voltage)^ is admitted, the result might be attained by a 
method similar to that used for the voltage compensation 
of the Hill-Shotter kVA maximum-demand indicator. 
Here a small electromagnet, energized from the voltage 
circuit, controls the position of a shading loop working in 
the air-gap of the driving electromagnet, and so varies 
the speed of the meter that at constant current it is 
proportional to the voltage, over a certain range. If the 
speed of the author’s meter were already proportional to 
V^, it could presumably be made proportional to by 
this method. 

Mr. A. J. Gibbons: In my opinion, up to 33 kV 
metering should be done on the high-tension side. When 
iron losses of the low order referred to in the paper and 
by preceding speakers are in question, I doubt whether 
the loss in revenue caused by high-tension meters failing 
to register the iron losses for the short periods when the 
power transformers are completely off load really 

amounts to very much in the long run. With regard 

to the safety of the instrument transformers, ^ I think 
that bushing-t)^e current transformers should be quite 
as reliable as oil-switch bushings, line insulators, or the 
cables, and with compensated or mumetal cores very 
good performance can be obtained with bar-primary 
current transformers at quite low full-load currents. In 
this connection I should like to refer to some current 
transformers wMch are being installed in some 66-kV 
armour-dad switchge^ at one of my company’s stations 
on circuits with a full-load rating of 45 amperes. Bar- 
primary curreht transformers with ratio 60/1 amperes 


have been satisfactorily produced by the switchgear 
contractors, giving Class B accuracy at the rated secon¬ 
dary burden. Potential-transformers are perhaps not 
so reliable as current riansformers. For the more usual 
commercial voltages, therefore, I am in favour of meter¬ 
ing on the high-tension side, mere this is impossible, 
one has to think of some method of dealing with the iron 
and copper losses. As regards the compensated meter 
described by Mr. Fawssett, to measure the iron'losses 
correctly the meter would have to creep at about l/200th 
or less of full load, and it seems doubtful whether its 
performance would be at all consistent. • For this reason 
I prefer the meter described by the author: it rotates at 
a reasonable speed and should be capable of satisfactory 
and coi^istent running. I am surprised at the author’s 
suggestion that the iron losses vary as as it is current 
practice on all the transformer test-bfeds with which I 
am acquainted to correct iron-loss measurements to the 
rated voltage by means of the square law. The third- 
power law arrived at by the author may result from the 
fact that he has employed rather higher fiux densities 
than are commonly met with. As regards the tempera¬ 
ture corrections referred to in the paper, the copper 
losses of a transformer are made up of two parts, namely 
the PE losses, which increase with the temperature, and 
■til® stray losses due to eddy currents in the windings and 
adjacent iton, which decrease with a rise in temperature. 
These temperature corrections are relatively unimpor¬ 
tant, because in any case the percentage copper losses 
are small. It has occurred to me that the author’s 
copper-loss meter could readily be fitted with automatic 
temperature compensation by providing a shunt to the 
meter coil which could be situated in a pocket in the 
transformer top oil; by suitable choice of the tempera¬ 
ture coefficient of the shunt it would be easy to arrange 
for the correct excess current to be forced through the 
copper-loss meter as the temperature of the transformer, 
and therefore of the shunt, increased. I have made a 
number of detailed calculations in one or two cases 
where the meters were placed on the wrong side of the 
transformers, and the registrations had to be corrected 
for transformer losses. Unless far too large a trans¬ 
former has been installed for the load, I have found that 
the variations in the corrections to the maximum 
demand in kW, and to the kWh, are comparatively small 
over a wide range of maximum demand and load factor. 

In most cases I have found it perfectly feasible on bulk 
supplies to come to an agreement as to the loss correc¬ 
tions which is fair and satisfactory to both parties, and 
I suggest that the above procedure is simpler, and 
certainly cheaper, than the elaborate scheme put for¬ 
ward by the author. 

Mr. C. L. Lipman: I shall confine my remarks to 
the design of the instrument illustrated in Fig. 1. Whilst 
I agree that the electromagnetic arrangement is equi¬ 
valent to a quadrature transformer by virtue of the 
various air-gaps provided in its mfignetic circuit, I fear 
that the use of a^iJlQysemeilt of this construction may 
give rise to a low efficiehCy. It will be interesting to 
know, therefore, whether such an instrument has actually 
been constructed, and, if so, what are its operating 
characteristics, energy consumption, and driving torque 
at the normal rating. 
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Mr. D. Sclar: The iron-loss meter is shown as a 
transformer, and if the speed of the rotor is to be pro¬ 
portional to jE 72, the flux must also be roughly so. Regard¬ 
ing it as a power transformer, this means that the flux 
increases as the square of the load on the transformer, 
which, of course, is not ,the case. Again, although the 
flux due to the voltage coil increases in direct proportion 
to the voltage, this creates a current in the secondary 
winding proportional to the voltage; so that one effect 
cancels the other and we are left with only the magnet¬ 
izing current. It should not be very difficult to make 
a meter for measuring Some of the previous speakers 

have suggested that tfiis could be done by placing resis¬ 
tance in the secondary coil; it should also be quite easy 
to make the meter by having resistance external to the 
meter connected across the current coil, so that the cur¬ 
rent in this coil would be proportional to the voltage. 
A certain potential difference across this resistance 
would be taken to the current coil, and the result would 
be an effect. With such a system a standard meter 
having a special current coil would be sufficient for the 
purpose. I am interested in the author*s suggestions as 
to cost: the table shown in Appendix 3 is not a very 
happy choice, because at 33 kV the difference in cost of 
the two systems is not very marked. For the direct 
metering the price is £516, as compared with £514 for 
the indirect system, and of course the latter is much the 
more complicated arrangement. If. the first alternative | 
is adopted it would appear to be necessary to calculate 
the maximum demand due to copper losses, to obtain 
the maximum demand due to iron losses by reading 
these from the recording voltmeter, and then to add 
these vectorially to the true kVA demand—a laborious 
process. It would also be necessary to have some sort 
of chart recorder on the kW indicator, to ensure that the 
maximum kVA and the maximum kW were registered at 
the same time, as otherwise the average power factor 
could not be found from the maximum-demand indi¬ 
cators on the kW and kVA sections. One system of 
metering on the low-tension side and getting results 
fairly accurately for the high-tension is to install current 
transformers on the primary side but take the pressure 
from the power transformer itself. It could not be 
taken direct in the case the author shows, as the pressure 
is 11000 volts, but a potential transformer could be 
used. The main cost of a high-tension equipment is, 
that of the potential transformers, which are much more 
expensive than current transformers. If the cost of a 
potential transformer for 11 000 volts is taken as 1, for 
33 000 volts the approximate price is 4, and for 66 000 
volts about 12; whereas in the case of a current trans¬ 
former, taking the price of 11 000 volts as 1, ior 33 000 
volts it would be 2, for 44 000 volts 3, for 66 000 volts 4, 
and for $8 000 volts 5. Not only does the cost of a 
potential transformer rise much more rapidly as the 
primary voltage increases, but it is an expensive instru¬ 
ment even at 11000 volts. As for installing current 
transformers on the priffi^.,side and taking pressure 
frorp. ^e secpndaxy side of the main power transformer, 
even in the case of the star-delta type this can be done * 
by a system of cross connection. The regulation of a 
power transfonner is hot very good (3 to 6 per cent), and 
one might think that the voltage oh the meters would 


be reduced by this amount. Although this is in fact 
the case, it must be kept in mind that the primary and 
secondary voltages differ in phase. As a matter of fact, 
this phase difference compensates for the iron losses of 
the transformer, and the results obtained by using high- 
tension current transformers and no potential trans¬ 
formers (taking the voltage from the main transformer) 
gives one the high-tension input less the copper losses. 
The copper losses can be measured by an meter. 
According to the paper, however, the highest copper loss 
is just under 70 000 units, about 0-5 to 0-6 per cent of 
the total output—^and this under the worst conditions 
where the full load of one transformer is on. When the 
full load is taken from two transformers these copper- 
loss figures are halved, so that even if one neglects the 
copper losses an error of only about 4 per cent is intro¬ 
duced. 

Mr. S. H. C. Morton (in reply ): The discussion has 
been characterized by the general criticism of the figure 
in the paper for the variation of iron losses of a trans¬ 
former, with pressure. The assumption that the losses 
vary as Sfi is based mainly on the fact that on trans¬ 
former test-beds it is still customary to use this figure. 
The actual index depends on the flux density at which 
the transformer is run, and Fig. A shows this point 
clearly. This curve, which has been prepared by the 
manufacturers of the iron, is for plates of the usual 
thickness used for transformer cores, and on examina¬ 
tion it can be seen that the losses vary with the pressure 
in the following manner:— 


B (lines per cm®) 

Losses proportional to 

10 000 to 11 000 


11 000 to 12 000 

JS2-4 

12 000 to 12 600 


12 600 to 13 000 

E2.-G 

13 000 to 13 600 

JSJ^-9 

13 600 to 14 000 


14 000 to 14 600 

ES-i 


The density at which a transformer core is run will vary 
with different transformers, but a value of 13 500 lines 
per cm^ is quite normal. 

Several speakers have mentioned the fact that, with 
the metering equipment on the prima.ry side of a 
transformer, the errors in the measurement of iron 
losses will be large when no secondary load is being 
taken. This is, of course, true, and, if the periods of 
no load are long, quite large errors can occur in the 
meter registrations. In these circumstances it would 
probably be better to install the metering equipment 
on. the secondary side of the transformer and make 
provision for the measurement of the losses. 

The compensated watt-hour meter has been discussed 
at some length. Although in certain cases it may be 
quite a useful instrument, it is subject to many dis¬ 
advantages. I agree with Mr. Fawssett that the 
pressure creep and current creep of this meter would, 
theoretically, vary as .£7^ aud and my remark on 
the first page of the advance copies of the paper was 



THE SECONDARY SIDE OF STEP-DOWN TRANSFORMERS: DISCUSSION. 629 


intended to convey the fact that the number of trans- 
formers on excitation had no effect on the meter The 
wording has been altered for the Journal to make this 
pomt clear. When considering the pressure creep (to 
compensate for iron losses) of this type of meter, it must 
be remembered that it would be from 1-0 per cent to 
0'6 per cent, or even less, of the meter’s full load, and 
in my opinion would be rather unreliable. 

The mam use of the compensated meter would be 
for the measurement of a supply with only one trans¬ 
former and a maximum-demand charge based on kW. 
The special calibration fee for the compensated meter 
is given by Mr. Fawssett as £10, whereas a copper- and 
iron-loss meter, including calibration, can be purchased 
lor £3 10s. The compensated meter would indicate 



wound on the series electromagnet. In series with the 
latter is an external resistance. The electrical connec- 
tions are shown in Fig. B. 

The copper-loss meter is made in a similar manner, 
except that a standard series coil is used and the non- 
mductive resistance is internal. 

The iron-loss meter errors are about ± 1-0 per cent 
60 to 160 per cent of normal pressure. The error 
mtroduced by a variation of 10 per cent over, to 10 per 
cent under, normal frequency is approximately 1-6 per 
cent. ^ 

The copper-loss meter can be so adjusted that the 
e^ors are within ±2-5 per cent from full load to 
about load, i.e. from full load to 25 per cent of full 
oad of the transformer, the losses of which the instrument 
^ measuring. Beyond this point the errors increase. 

his meter is also susceptible to frequency variation, 
and tests taken with a frequency 10 per cent above 
normal caused the meter speed to increase about 8 per 
cent. With a frequency 10 per cent below normal the 
meter speed decreased 8 per cent. 

Both Mr. Ockenden and Mr. Gibbons suggest a 
method of compensating the copper-loss meter for the 
temperature of the transformer winding. Although it 
would be possible to improve the performance of the 
iMtrument by methods on the lines suggested, I do not 
thmk the slight improvement effected would be worth 
the expense. 

Fawssett suggests a slightly higher temperature 
of the transformer windings than that given on page 612. 

I think the temperature should be estimated for each 

TFirnri 


Special 
coil • 




Non-inductive 

resistance 


the kW demand, whereas this would have to be 
calculated if separate loss meters were employed. The 
calculation would be quite simple if the secondary 
demand were known. ' 

I agree with Mr. Hill that if a supply were given to 
two transformers and compensated meters were used in 
the manner suggested by Mr. Fawssett no account of the 
maximum demand due to losses would be given on the 
summation meter. The same result would be obtained 
by using separate loss meters, and the cost of the equip¬ 
ment would be lower. 

Regarding the loss meters. Fig. 1 was not intended 
to show the design of these instruments but was included 
to illustrate the principles on which the instruments 
would operate. Copper- and iron-loss meters have 

beenmanufacturedwhich have made use of the standard 

single-phase watt-hour meter, and the only alteration 
has been to the coils. In the case of the iron-loss 
meter, a standard shunt coil for the correct voltage 
is fitted and a coil with a large number of turns is 


Fig. B. 


particular supply when the approximate conditions are 
known. 

The suggestion made by Mr. Ockenden to have a 
tertiary winding on the power transformer as a means 
of feeding the iron-loss meter is very useful, although, 
unless the losses varied as the accuracy of the meter 
registrations would not be so high as if the meter were 
fed from the secondary pressure. This is indicated by 
Figs. 2 and 4 in the paper. An iron-loss meter designed 
on, the lines mentioned by Mr. Spilsbury (i.e. a special 
compensating device to make the meter register in 
accordance with E^), in conjunction with the tertiary 
winding, would provide a very accurate means of inte¬ 
grating iron losses. 

The calculation of the kVA maximum demand has 
also been generaUy criticized. Mr. Hill and Mr. Drans- 
field are of the opinion that the method is rather too 
complicated to explain to the non-technical consumer 
and Mr. Sclar thinks the calculation itself too laborious. 
The calcu^tion is perhaps slightly complicated, but 
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more in the preparation from the transformer test- 
figures than in the actual work that has to be carried oiit 
before each account is presented. The routine work at 
the end of each period for which an account is presented 
is^ quite straightforward. This can be seen in Appen¬ 
dix 2. Mr. Dransfield's suggestion to add a suitable 
amount to cover the difference between primary and 
secondary kVA does not go sufficiently far, as he brings 
forward no means of assessing the amount to be added. 
In this matter I agree with Mr. Parker that the only 
method of estimating the primary kVA that is fair to 
both the supplier and the consumer is one in which all the 
available facts are taken into consideration. A calcu¬ 
lation based on the facts is the only means by which 
these conditions are fulfilled. 

I cannot agree with Mr. Fawssett that technical and 
financial considerations never allow the metering to be 
done on the incoming supply side. In most cases where 
the supply is afforded by means of underground cable, 
and the pressure does not exceed 11 000^ volts, I would 
consider the incoming side the correct place to install 
the metering equipment. Mr. Fawssett does not think 
that the problem dealt with in the paper is representative 
of the general type of supply with which a power supply 
authority has to deal, and in this I agree with him. 
The equipment has been considered with a view to 
metering large bulk supplies, and I think that the figures 
given indicate this point clearly. For smaller supplies 
a modified form of the equipment suggested could very 
conveniently be installed. 

Mr. Dransfield thinks that the integration of iron 
losses at times of low load would lead to misunder¬ 
standing and dispute between the consumer and supplier. 

I consider this point of view to be quite wrong. If a 
consumer uses the supply in an inefficient manner it 
should not be necessary for the supply authority to pay 
for his losses. At the same time I think the consumer 
should be given such advice as will enable him to keep 
his losses, both electrical and mechanical, as low as 
possible. 

Mr. Dransfield appears to have misunderstood my 
meaning in regard to the recording of primary switching 
operations. I think that, in practice, it would be 
perfectly safe to assume that no transformer would be 
excited unnecessarily at the time of maximum load 
if iron losses were being measured. This assumption 
would make switching records unnecessary for the 
purpose of calculating the primary kVA maximum 
demand. 

I cannot agree that the main meter errors would be 
as great as the transformer losses. With an average 
transformer working at full load with a load factor of 
100 per cent, the losses would be in the region of 2 per 
cent of the load. This is very much greater than the 
error of a modem meter. In addition, it is not good 
practice to neglect to measure transformer losses because 
of inherent errors in the main meters. 

I agree with ]^. Hill that the expression " R.M.S. kW 
in Appendix 1 in the advance copies of the paper should 
haye been average kW.*^ This has been revised for 
the Journal. 

Mr. instrument transformers 

for use on e.h.t. lines are veiy interesting; it is useful 


to have figures at which current transformers with bar 
primaries will operate in a satisfactory manner. Whilst 
I agree with Mr. Wellings that instrument transformers 
on e.h.t. lines are probably as reliable as most other 
parts of the circuit, I think that they are much more 
likely to break down than instrument transformers con¬ 
nected in the secondary circuit of a power transformer. 

In reply to Mr. Spilsbury, I agree that any compli¬ 
cations in a metering equipment such as those which 
would be introduced by the measuring of copper and 
iron losses should be made outside: the main meters, 
and that all instruments should be standard and carry 
out a simple duty. 

The suggestion made by Mr. Spilsbury to include a 
vbltage-compensating device in the iron-loss meter in 
order to make its speed proportional to would be 
very useful if used in the manner mentioned earlier. 
If, however, the instrument were connected to the 
secondary side of the transformer its speed would vary 
in proportion to the iron losses with a variation of supply 
pressure, but its registrations would be very greatly 
I affected by transformer regulation, which would not 
affect the actual iron losses. With the JSJ^ meter a fall 
of primary pressure causes a positive error in the meter, 
and this has a tendency to cancel the effect due to 
transformer regulation. 

Mr. Gibbons's statement that, up to 33 kV, metering 
should be done on the incoming side is, in my opinion, 
too general. In practice, although the pressure has a 
large bearing on the position in which the equipment 
should be installed, it is also necessary to consider 
load factor, the maximum load, the basis on which 
maximum demand (kW or kVA) is charged, and other 
factors, before a decision is reached. Mr. Gibbons 
remarks that the variations in the corrections to the 
kWh and maximum demand in kW to obtain primary 
input from secondary output are comparatively small 
over a wide range of maximum demand and load factor, 
unless the transformer is too large. In the majority of 
supplies, however, it is usual to have two transformers, 
one of which is on load and the other used as a spare. 
The spare transformer is usually kept warm by being 
left connected to the high-pressure bars, unless the iron 
losses are measured. Under these circumstances the 
losses could amount to a large percentage of the kWh 
measured by means of meters connected in the secondary 
circuit. The ratio of losses to secondary kWh would 
also be affected by load factor. 

Regarding Mr. Sclar's remarks on kVA maximum 
demand, aU the recording instruments necesssary to 
obtain either simultaneous secondary kVA and kW, or 
secondary kW and power factor, have been included in 
Appendix 3. The calculation to obtain primary maxi¬ 
mum demand in kVA is also fully explained in Appen- 

Mr. Sclar suggests a method of obtaining input units 
less copper losses by means of current transformers 
connected to the incoming supply side and potential: 
transformers connected to the secondary side of the 
power transformer, the reduction of pressure due to 
transformer regulation being compensated for by the 
difference in phase angle between the primary and 
reversed secondary pressures. It is of course true t^^^^ 
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the reversed secondary pressure lags behind the primary 
supply pressure by an amount depending on . the trans¬ 
former design and the power factor of the circuit, and 
with most lagging power factors this angle helps to 
compensate for the losses. This is not so, however, 
when the circuit power-factor is leading, the angle 


between the reversed secondary pressure and the 
prinaary current then being greater than that between 
the incoming pressure and current. The method, there¬ 
fore, would leave some doubt as to the actual proportion 
of the primary supply being registered, and, in addition, 
would give no means of assessing the primary kVA. 


DISCUSSION ON 

"THE GROWTH OF ELECTRICAL MEASUREMENT FROM ITS COMMENCEMENT.”* 

Scottish Centre, at Edinburgh, 16th December, 1931. 


Mr. A. F. Stevenson: The accuracy of electrical 
measuring instruments 40 years ago was very low, as I 
found when engaged in calibrating commercial meters 
and voltmeters in the middle 'nineties. The instru¬ 
ments then being made had soft-iron movements involv¬ 
ing a very considerable hysteresis error. They were 
calibrated by means of a degree scale, first on a rising 
current and then on a falling current, and when the 
readings were plotted a hysteresis" diagram was 
obtained. A mid-way line was taken, and it was found 
that measurements made on a rising current were about 
2 per cent low, whereas those on a falling current were 
about 2 per cent high. Since then I have seen someone 
attempting to read to ^ ampere from a 100-ampere 
instrument of this t 5 rpe! The Kelvin electrostatic volt¬ 
meter and ampere balance were the first instruments 
to give reliable readings. The author's high opinion of 
the value of remote control gear is not shared by 
maintenance engineers. It would have added to the 
interest of the paper if the author had indicated some 
of the troubles associated with the working of • such 
apparatus. 

Mr. J. Eccles: I should like to correct the figure 
of 60 per cent on page 42 of the paper as the ratio 
between the heat energy of the steam and the total 
energy in the coal. Fortunately for the industry, this 
figure is usually of the order of 80 per cent and often 
it is higher. I appreciate, however, the author's remarks 
with regard to the necessity of accurate measurement in 
the boiler house. In the local power station we have a 
remote-indicating kW meter in every boiler house (four 
in all), so that it is not necessary for the firemen to 
travel to a central point in order to ascertain the load. 
These have been found to be amongst the most valuable 
instruments in the station, as they help the firemen to 
maintain the correct steam pressure and temperature, 
especially over the period of peak load. As regards 
repeaters, the Midworth type seem to be soundly con¬ 
structed, apart from the fact that the main contacts 
appear-to make and break slowly, which might give 
rise to arcing. I should like to ask the author whether 
* Paper by Mr. F. C. Knowles (see vol. 70, page 36). 


trouble of this kind is likely to be serious. I am 
particularly interested in the American device for the 
transmission of remote signals by means of phase- 
shifters, because we have recently employed this method 
with success to obtain remote indication of a wind vane. A 
single-phase rotor is employed, thus reducing the number 
of interconnecting leads to two. The author's remarks 
with regard to power measurement are of great interest, 
and in this connection I should be glad to know whether 
the method evolved by Mr. Fawssett has been extensively 
employed in commercial undertakings. Turning to the 
instrument for measuring earth resistance, described on 
page 41, does not this device measure impedance rather 
than resistance? Since alternating current of variable 
frequency and possibly poor wave-form is employed, 
the reading should, I think, depend on the inductance 
as well as the resistance of the circuit. A very important 
subject scarcely touched upon in the paper is the 
measurement of maximum demands. One of the most 
pressing needs of the supply industry is a reliable and 
cheap instrument to pleasure maximum demand, of both 
kW and kVA. I should be glad if the author would 
briefly describe any improvements which have been made 
of recent years in this class of instrument. 

Mr. A. Mears; Has anything been done in the way 
of transmitting the readings of instruments over great 
distances by means of the photo-electric cell? With 
regard to the question of contacts mentioned by Mr. 
Eccles, the difficulty might possibly be overcome by 
having magnetic contacts so that when the contact was 
made the arm would hold on firmly and when contact 
was broken it would spring away rapidly. In the early 
part of the paper the author attributes the Foucault 
principle of a damping disc to the late Prof. Ayrton: 
I had always thought, however, that this formed part of 
the original Hookham patent for the first d.c. meter. 

Mr. G. Gunn.; In the first place, I should like to 
confirm Mr. Eccles's statement about the 60 per cent 
boiler efftciency mentioned in the paper. Secondly, I 
would appeal for closer co-operation between instrument 
makers and power station engineers. When bad readings 
are obtained it is usually found that the instrument and 
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not the plant has gone wong. The investigation of 
cases of instrument error involves great loss of time and 
a our. n many cases instruments could be improved if 
they were submitted to the power station engineer 
before bemg put on the market. Many instruments 
which operate satisfactorily in the laboratory prove to be 
ot little value under service conditions in the boiler 
house where they axe subject to rough usage and dirty 
conditions. ^ 

Mr. L. B. Torond : The paper makes no mention of 
indicator employing the principles 
of the dial-type thermometer and current transformer. 

^ the author give the views of instrument makers on 
this subject? 

Prof. G. W. O. Howe: I am pleased to see that the 
au^or refers to the pioneer work of the late Prof 
Ayrton with whom I had the good fortune to be asso¬ 
ciated dunng the closing years of his life. Accuracy of 


measurement is only a relative term: an accuracy to 
wit in 1 or 2 per cent, which the author quotes as being 
quite satisfactory in some of the instruments described 
would be considered very poor in other electrical 
me^urements. Enormous advances have been made 
during the last 20 or 30 years in measurement, especially 
electrical measurement of a high degree of accuracy. 
I am interested in the author’s references to geophysical 
applications. Many uniyersities are now considering 
the institution of courses in geophysics, a subject which 
inyolyes a knowledge of many branches of physics It 
IS one of the rnarvels of modem science that electrical 
methods are bemg used at the present time for finding 
out both what is in the earth beneath and what is in the 
neavens above. 

[The author’s reply to this discussion will be found 
on page 529]. 


Mersey and North Wales (Liverpool) Centre, at Liverpool. 4th January, 1932. 


Mr. H. E. Dance: The author deals chiefly with the 
remote reproduction of measurements obtained by 
toown methods. The removal of the control room 
om the actual centre of activity appears to be the 
natural line of progress. The human body offers the 
most obvious example of this. The Midworth repeater 
appears to have great possibilities, because it enables 
any kind of measurement to be translated into a current 
which is proportional to the measurement, and it also 
enables the currents so obtained to be compounded in a 
variety of ways. It seems to be capable of almost 
unhmited application, provided that it can be supplied 
at a reasonable cost. I understand that the meth^ of 
te^smttmg movement by means of induction motors 
which axe connected in parallel to a single supply, with 
their rotors also m parallel, has an importart applica¬ 
tion m tile control of the various recording devices 
employed m the manufacture of sound films. ^ In such 
apparatus it is, of course, necessary to keep all the parts 
m exact synchronism. The possibility of applying 
ttermo-TOuples is limited to kVA indication.^^It is 
impossible to integrate the quantity by this means 
instrument is proportional to 
ioTt 'a oi tVA measurement which does 

not lend itself to accurate integration has practically no 
commercial value. I should be glad of i^ore info^- 
tion about the method of measurement shown in Fig. 6. 
This IS the only one I have come across which holds any 
promise of success in fulfilling all the functions of kVA 
me^urement at a reasonable price. What axe its limi- 
4 .^'^ accuracy when employed in 

wmbination wia commercial meters and instrument 
^formers? My opinion of the arrangement shown in 
Fig. 6 IS based on the fact that I find it diflicult to regard 

^ scalar quantity, which 
No iiStrument 
direction depending on the 
ph^e angle of ^e circuit can truly measure kVA. 

. i’® satisfactory in this respect. Fig 8 

Z importance, and it teaches us a lesson ^Sth 

gard to voltage d It is commonly assumed 


that mere earthmg will secure safety from electrical 
shock. Too little attention is given to potential 
gradients. There is no doubt but that in the near 
future voltages up to 6 000 volts will be employed in 
this country for iMge movable machinery, e.g. dock 
machinepr, and mining and quarrying plant. When 
such voltages are employed more than ordinary care has 
to be taken m the matter of earthing. As regards future 
requirements in metering equipment, we badly need a 
meter wWc* will indicate in January what the maximum 
demand is likely to be in the following 12 months. Sucli 
a meter would be a boon to many consumers who find 
the stactly logical application of a 2-part tariff not 
altogether satisfying to their commercial instincts. 

Mr. G. E. Barrett: The author directs attention to 
the application by the Central Electricity Board of the 
pnnciples of remote indication. Can he tell us what 
quantities and values are to be indicated, and the dis- 
tan^ oyer whi(* such indications axe to be transmitted ? 
Cen-^ized indications for a large transmission system 
would obviously be advantageous to the control engineer 
from rnany points of view, although presumably there is 
a. defimte commercial limit to what can be done. I should 
like to know the percentage accuracy of the instruments 
mdicating such values as steam pressure, total load on 
the station, and voltage. I realize, of course, that t hes e 
me not instruments of precision, and that high accuracy 
m not required in ordinary commercial operation. In 
Fig. 6 the author gives a symbol for metallic rectifiers - 
IS tos tte symbol suggested by the British Standards 
Institution? Figs. 6 and 8 axe inconsistent in that 
reject. The data given in Fig. 8 are of particular 
interest to all concerned with the earthing of structures. 

It do^, however, appear that the shells of equal resis¬ 
tance bear some definite relation to the type of structure 
or spike m use. Can the author give an explanation of 
the characteristic curves shown? The figures given on 
page 42 for the efihciency of steam-raising plant are too 
low, even when judged by the standards of several 
ye^ ago. I feel, therefore, that the work of ma tin - 

facturers and operating staffs should be credited with 
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greater achievements than the author apparently has in 
mind. 

Mr. T. R. Rayner: The author mentions that it is 
necessary to make considerable modifications in the 
systems employed for remote meter reading when the 
Post Office lines are utilized, and I should like to refer 
to one of the special conditions met with under these 
circumstances. When the attenuation to voice fre¬ 
quencies exceeds a certain value it is necessary to insert 
valve repeaters in order to obtain satisfactory telephony. 
For reasons of economy it is essential to obtain the 
meter readings over the telephone channel, and this 
necessitates the use of voice-frequency currents. In an 
amplified line it is not feasible to rely on the strength of 
the received current for the indication, as a slight varia¬ 
tion in the gain of the repeater would falsify the results. 
One way of overcoming this difficulty is to cause a 
power receiver of the type described by the author to 
drive an impulser which sends one impulse to line for 
unit load at the instrument. At the receiving end a 
ratchet device moves a pointer over a suitably graduated 
scale. Two different frequencies are employed, one for 
increase and the other for decrease of load. This 
arrangement works very satisfactorily, but has the 
disadvantage of being slow if a large number of instru¬ 
ments are-involved. It is usual to employ only one 
power receiver for any number of initiating instruments, 
and this is required to return to zero before each reading. 
A much more rapid method is obtained by arranging a 
row of contacts under the pointer of the initiating instru¬ 
ment and arranging for the pointer, which normally 
rides free, to be depressed on to the contacts at the 
instant the meter reading is required. The number of 
the marked '' contact controls the line impulses. This 
is a very simple and rapid arrangement capable of giving 
17 meter readings and up to 200 circuit indications in 
approximately 20 seconds. An accuracy of 1 per cent 
can be readily obtained, but 2J per cent is generally 
regarded as sufficient. 

Prof. E. W. Marchant: I should like first to say 
something about the remarks at the beginning of the 
paper on the work of the late Prof. Ayrton. I had a 
good deal to do with him in the early days, and we 
had some of the very first direct-reading instruments 
that were made. When Prof. Ayrton was in Japan, 
he and Prof. Perry got to work on the making of 
an energy meter, and they devised a clock meter.'* 
Taking an ordinary 8-day clock, they put a coil on 
the pendulum which carried a current proportional 
to the p.d., and arranged another coil underneath 
which carried the mains current: the change in the rate 
of swing of the pendulum gave an indication of the 
power which was used, and the gain of the clock was 
proportional to the energy consumed. This is one of 
the most accurate types of meters that are available 
to-day. I am interested in the Midworth repeater 
because many years ago we wanted to devise regu¬ 
lator to maintain a constant pressure in connection with 
some lamp tests. We built up a dynamometer with an 
arm moving between two contacts. The trouble was 
that these contacts had a tendency to stick. I should 
like to know how that difficulty has been overcome in 
the Midwbrth rep§at6r. The way we got over it was to 


use the same device as was employed in the Brown 
cable relay, i.e. we allowed the arm to rest on a 
rotating drum, thus eliminating the friction between 
them. With regard to earth-plate resistances, we 
made a number of tests on these some years ago. 
It is well known that the resistance to earth lies 
almost entirely in that part of the ground which 
immediately surrounds the earth plate. It depends 
mainly on the size and shape of the electrodes, 
and, for homogeneous ground, is. proportional to the 
specific resistance of the ground material. We found 
that earth resistance depends more on moisture than on 
anything else. Carbon monoxide indicators are being 
used in the Mersey Tunnel, and the readings obtained 
from such instruments are of great importance. In this 
connection I should like to give a word of warning to 
users of motor-cars. I am informed that if a motor-car 
engine is run for 3 minutes in an ordinary garage with 
the door closed, the air becomes dangerously poisonous 
due to carbon monoxide. Finally, the author refers to 
measurements of conductivity in reciprocal megohms ** 
per cm3; ^^.^ll these units gem mhos **? 

Mr. G. A. Bums: With regard to the problem of 
transmitting indications over a distance, this is gener¬ 
ally accompanied by a request for economy in pilot 
wires, and with impulsing equipment used either as 
Mr. Rayner described or in conjunction with Midworth 
several indications can be. transmitted 
simultaneously over a single pair of wires. For in¬ 
stance, we might simultaneously transmit readings of 
amperes, volts, and kilowatts, by using different trans¬ 
mitting frequencies for each reading, these frequencies 
being sorted out at the receiving end to operate their 
respective indicating instruments. 

Mr. H. H. Harrison: I am glad to note the author's 
references to the early work of Ayrton and Perry, and I 
hope that in due course we shall have an Institution 
address on the work of these two men. With regard to 
Figs. 1 and 2, there is a fundamental limitation to which 
this scheme is subject. It is a constant-current arrange¬ 
ment only so long as there is no leakage between the 
conductors. The coded impulse method of transmitting 
indications involves no limitation as to distance or the 
t 3 ^e of conductor to be used. The scheme shown in Fig. 3 
is also subject to a fundamental objection. It may be 
described as a start-stop " method. When key G is 
operated the apparatus at that end starts up at once, 
but line and apparatus lags intervene before the appa¬ 
ratus at the other end of the line starts up, the result 
being that when the two pointers are moving they will 
be a little out of phase. Whether or not this phase 
difierence is serious, depends entirely on the distance 
between the two sets of apparatus. The 3-phase scheme 
shown by one of the slides is very old, and what are 
described as " order " telegraphs have been made on 
these lines. The advantages of the impulse method are 
that its range is practically unlimited and almost any 
physical quantity can be transmitted in terms of the 
movement of a pointer, can be coded into pulses, and 
accurately shown on the -type of indicator exhibited by 
the author, 

[Thie author's reply to this discussion will be found 
on page 529]. 
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Western Centre,-AT Cheltenham, 8th February, 1932. 


^ I 3.m very interested in the 

author s remarks in connection with long-distance 
transmission of indication. A large number of S 
“ water-pumping stations and reservoirs would 
to "S arrangements could be made 

tb^ connecting lines; perhaps in 

could be depending upon radio impulses 

f scheme put forward fonthe measure- 

mterestihg, but I should like,-to know 
whetter the metal rectifiers would be stable over a 
number of years, because it is a comparatively short 

S,ilT7. T sufficient experience of its 

, ^s regards the use of alarms to give notice 

relaTS°th?S^ Peak loads, we have used an overload 
flf.man,i Single-phase type in connection with kVA 
P-^sniises. We find, however 
°P«^*ed the relay the current has to be 

return^ itf l^ore the operating arm will 

inc + /? o^ginal position, and to avoid this we have 
Inerted a switch across the operating coil so that it Jin 

een reduced. We engineers engaged in the electricitv 

of ffid^cflf ourselves use electrical methoS 

of indication so as to be able to speak from experience 

propositions with consumers, 
nf“■ • I am interested in the question 

the“uffijJ wSf “struments, and I should like to ask 
r ®o“trol has been 

Se^Iln^f meters ao as to give a quicker and 
RllJnf movement to this type of instrument 

P"* to con- 

... ^ t^®. t”^® accuracy of frequency meters. Power 
sSS’UJh instruments to have larger 

dSbt T ‘^®^'t® indication. No 

SS**® steady 

conteol of frequency, now that electric clocks are being 

The question of remote indica- 

JTceS to i® of ®®rions 

concern to the engmeer in these days of rapidly ex- 

pandmg networks and loads. The section of ^e naner 

dealmg vdth earth plates is very useful. The gS5 

te^^cy IS to bury earth plates and forget theSIluJ 

roiSS Jfdiscriminating relays a regular 

verynecessaiT?’ ®®rtli-plate testing has become 

T* I liave met with cases where 

different ohmic values obtained on the same IS 

eS^S ®®'’'®®^ .®^tety as to whether the setting of 

StikenS^S® f “ “ consequeL. 

sStiSf , *^®/®iays .prov^, however, that their 

nf earthingl^isLice. 

—- 1 . * \ * 2 Can the author supply a reason 

sTvIi Ayrton ohmmeters were made ? I 

should have _thought that an instrument of ^ typj 

Tumf * ^®^® created a big dem^. 

the aii+b ® f^®F^oblems of remote indication and control 
the author states ^ the Midworth system opeSS 


toct current. Is it also possible to operate this system 
by means of alternating current, and can it be adapted 
to give remote integration as well as remote indication ? 
The system illustrated in Fig. 3 is known as " taUy- 
metering and it would appear that it has been designed 
|pve occasional " spot ” readings on demand in 
contrast to the Midworth system which provides a con- 
tanuous indication on a record. I believe that the tally- 
meter now mcoipqmtes a “ tallygraph,” but I am not 
quite sure whether this does more than record the “ spot ” 
I lil^e to know whether this latter 

Sffif Tb operation, and, if so, with what 

for selective metermg m association with remote control 

descnbed an instrument for determining the specific 
resistance of the ground which should be a great hllp to 
en^neers when determining the best position for eirth 
ptat^; It ^o appears to have a big field of use in con- 

SJul^TeuTbl surveying. The instrument 

should e^ble us to locate water at a considerable depth, 

connection I should be glad to know to 
aT.7* ^ ^ reasonably accurate results 

^d what de^ee of variation in specific resistance it 
Md ^ Possible by this means to locate coal 

and to trace or find a seam of coal which has been lost 

^ ’^®® °f electrical indicating, 

m^unng, and recording instruments in the boiler house 
K becoming more general, and I am glad that the author 

which will be given. Intelligent use of such instruments 

S™ recorders, etc., will enable 

toe ne^ssary repairs to be carried out in time to avoid 
a shutdown. In connection with indication of leaky 

teSmjt proportion of cooling watel 

leatog into toe condensate would be registered on a 
water-punty meter ? 6 un a 

7’ f® *^® <fi®tence limit of the 

^ote mdicating systems described in the paper? 
What are toe general accuracy limits aimed at, and it 
n^ess^for the devices to be calibrated on site? 

of at'out 200 miles from toe 
pomt of measurement are likely to be required. If 
repeater systems are employed, would they not introduce 

m I ^ anticipated that indication and 

control work will be carried on over two wires, and 
pr^umably It m mamly a question of using a suitable 

The author's reference 
to earth-plate toting (see Figs. 7 and 8) is of consider- 
able interest. A number of tests which have been 
upon towers and earth pipes show that in k 
s^dy clay soil toe combined resistances of towers and 
pipes vary between 0-76 and 3 ohms. The figures for 
towera vary between 0-83 and 3-2 ohms, and for pipes 

Stal °^“®' «^® for pipes alleys 

being toe ffigher. In a rocky shale type of soil the 

r^KtMce of the tower may vary between 6 and over 
300 o^s. A few tests taken on the same towers at 
2- to 3- monthly intervals show in some cases a rise in 
resistance, and in others a sUght fall. In all cases toe 
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differences are negligible for practical purposes. More 
of these tests will be conducted as opportunity permits. 
It has been possible to establish the rise in the curve 
when the potential spik^ approaches the current spike. 
For instance, in one particular case a potential spike was 
placed 55 ft. from the tower under test, and the current 
spike at 75 ft. and 150 ft. The readings for the respec¬ 
tive current-spike positions were 10 ohms and 5-6 ohms, 
showing an error of nearly 100 per cent, and demonstrat¬ 
ing the importance of working on the flat portion of the 
curve in Fig. 7. The downward trend of the curve has 
not been established when the potential spike is placed 
close to the tower under test, and the flat portion of the 
curve is not as truly flat as indicated, but shows a small 
increment. It is recommended that the current spike 
should be placed a considerable distance from the object 
• under test, and it would appear that errors might be 
introduced due to the inductance of the long leads em¬ 
ployed. There is already a correction flgure for the 
resistances of the leads and spikes, and as the instru¬ 
ment is of the a.c. type some further correction would be 
necessary for the inductance. Reference has also been 
made to the advantage of using the earth-plate tester to 
determine the most suitable position for the earth plate; 
in the case of substations this can be exploited without 
much difficulty, but with towers the limited amount of 
space available gives very little scope for this procedure. 
Tests have also been made comparing the 3-point method 
with the direct method, and difficulty is experienced in 
making the results agree. If the 3-point method is used, 
there are many cases in which an instrument having a 
full-scale deflection of 1 500 or 3 000 ohms is necessary, 
so that the resistance between spikes can always be 
ascertained. This is frequently above* 300 ohms. The 
3-point method has the greater advantage of eliminating 
errors due to leads and spike resistances, but it also 
has the disadvantage that, if the object resistance is 

The Author's Reply to the Discussions . 

Mr, F. C. Knowles {in reply): Reference has been 
niade in the discussion to the various systems of remote 
indication. In this country there has been very little 
experience of such systems over a period of years, but 
with the extensive experience which will be available 
during the next few years owing to the adoption of 
remote indication by the Central Electricity Board, con¬ 
siderable information will doubtless be available. 
Those who are not only designers but users of such 
equipment will be glad to have comparative information. 

Mr. J. Eccles asks whether the method evolved by Mr. 
Fawssett has been extensively employed in commercial 
undertakings. So far as my experience goes, it is not 
extensively employed in this country, but in Canada and 
the United States the thermo-couple system is in use in 
some large undertakings. 

While Mr. Mears's suggestion about magnetic contact 
may be intriguing, it does not appear to be very practical, 
as those who have had experience with the breaking of 
magnetic circuits will appreciate. 

In reply to Mr. Barrett respecting the quantities, 
values, and distances over which indications are trans- 


low and the spike resistance high, unavoidable errors 
of observation in the readings will give an unreliable 
result. 

Mr. S. H. C. ]Morton: The measurement of kVA is 
of great importance, and it is gratifying to know that 
experiments are being carried out in order to obtain an 
instrument capable of indicating this quantity with 
higher accuracy than is at present possible. The present 
instruments enable kVA measurements to be made with 
a fair degree of accuracy, provided the current and 
voltage waves are sinusoidal, but when one or both 
waves contain harmonics kVA measurement appears to 
be impossible. The distorted wave-form I have in mind 
is that produced when a mercury-arc rectifier is in the 
circuit. The vpltage curve appears to be a pure sine 
wave, whilst the current curve contains fifth and seventh 
harmonics of the order of 15 and 10 per cent respectively 
of the fundamental. I should like to ask the author 
whether he could suggest any method which could be 
employed to measure the kVA of a circuit of the type 
mentioned. 

Mr. T. Stretton: I am surprised that no one has yet 
questioned the author regarding the measurement of 
high voltages of the order of 132 kV. Apparatus for 
measurements of this kind is very expensive, and I 
should welcome any information regarding inexpensive 
but efficient types of apparatus for this purpose. In 
this connection I understand that Prof. Thornton has 
devised a comparatively simple and cheap instrument 
called the ** ionic wind voltmeter.*'* As regards the use 
of platinum wire in connection with COg apparatus, I 
find that platinum has the disadvantage that it burns 
away rather quickly in the presence of various gases. 

I should like to know whether the author can give 
particulars of an alloy of platinum which will withstand 
a higher temperature than pure platinum. 

• See Journal 1931, vol. 69, p. 633. 

Edinburgh, Liverpool, and Cheltenham. 

mitted, under the Central Electricity Board in general 
the quantities are megawatts, megavars, and voltage. In 
some particular cases other quantities may be required. 
The distances of transmission vary considerably from a 
matter of a few miles to nearly 200 miles. For these 
long distances transmission is over Post Office lines 
through repeater stations, and thus an impulse or audio¬ 
frequency link has to be employed. 

Prof. Marchant asks how the tendency of contacts to 
. stick was overcome in the Midworth repeater. It should 
be remembered that these contacts operate a motor 
which, while having a very efficient brake, has a certain 
amount of inertia, and is so arranged that after the con¬ 
tact is broken the motor makes a few revolutions, thus 
causing the contacts to clear one another definitely. In 
practice it is very interesting to watch the operation of 
these contacts; the moving contact nearly always floats 
midway between the two other contacts. 

Mr. Harrison, remarking on Figs. 1 and 2, raises the 
question of the effect of leakage between the conductors. 
The amount of leakage available before causing an appre¬ 
ciable error depends upon the voltage applied and the 
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conditions of service and the sensitivity of the apparatus. 

s an example, if the full-scale deflection for the receiver 
were 20 mA and the voltage applied to the line were 
oO V, if a value of leakage were allowable which would 
not cause an error greater than 1 per cent, which would be 
equal to a leakage current of 0-2 mA, then the resistance 
of this leak would be 25 000 ohms. This would of course 
be a very low value indeed. The majority of lines are 
mamtained to at least 1 megohm, 40 times this value, 
which means that in practice the maximum error due to 
leakage is not l/40th of 1 per cent. 

The various systems described by Mr. Rayner and 
referred to by Mr. Bums are quite interesting develop¬ 
ments of the application of automatic telephony to 
position indication. The application of the various 
methods will be followed with much interest. 

Haslam, in comparing the Tallymeter system with 
the Midworth system, refers to the fact that the Mid- 
worth system provides a continuous indication or may 
be applied to a chart recording instrument to give a 
continuous log of the variations of any quantity, and 
asks whether the Tallymeter system can be similarly 
applied. This latter system is only a recent develop¬ 
ment, and while it appears that it would be possible by 
introducing further complications in the way of a follow¬ 
up system to give continuous indication, it would be 
necessary from time to time to revert back to zero so as 
to insure that there were no additive errors. 

Many speakers have referred to the measurement of 
earth resistance, and the information given by Mr. Biles 
is extreinely valuable. He states that it has been possible 
to establish the rise in the curve when the potential spike 
approaches the current spike, and gives some figures for 
a case when the current spike was placed at a distance 
of 75 to 150 ft. from the tower. It has been found that 
for an earthed structure such a tower, particularly when 
it is of low resistance, the current spike has to be placed 
at a distance of 300 ft. or more from the tower in order 
to obtain a flat portion of the resistance curve. From 
theoretical considerations the so-called flat portion of 
the curve is not truly flat but shows a slight increase in 
resistance, but if the separation between the spikes and 
the earth connection under test is correctly chosen, the 
centre portion of the curve will be flat enough for all 
practical purposes. The inductance in the leads to the 
spikes has no effect whatever on the readings of the 
instrument, although the latter employs alternating 
current for the test. It will be appreciated that such an 
inductance would be of quite small value and is in series 
with a high ohmic resistance; Mention is made of the 
correction factor for the resistance of the leads and 
spikes, but it is when the potential spike exceeds a certain 
definite high value that this correction factor has to be 
applied, and in general the correction is quite small 
With regard to the use of the Perry earth tester for 
determining the most suitable position for an earth 
plate, it is quite understandable that with towers the 
amount of space available is not suf&cient to enable 
measurement of the specific resistance of the soil to be 
made. It is, however, a simple matter to drive spikes 
of given dirqensions into the earth at several points and 
to compare the resistances of these spikes as a means of 
indicating the most suitable location. 


Mr. Biles also mentions comparative tests which have 
been made using the 3-point method and the direct 
method, and says that difficulty is experienced in making 
the results agree. This is quite understandable as in the 
3-point method the resistances with the two auxiliary 
earths which are necessary are included in the measure¬ 
ment, and the unavoidable observational errors which 
are mentioned will give unreliable results. The direct 
method, in which the resistance of the auxiliary spikes 
only has an indirect effect on the results, is not only much 
more satisfactory but more rapid and extremely simple. 

Reference has been made by some speakers to the 
effect of the ^ ohmic resistance of' earth connections 
causing variations in the operation of earth-fault pro¬ 
tective gear. This is becoming increasingly appreciated, 
and many erratic operations of relays are now being 
explained by the unexpected high resistance of the earth 
plate now that facilities are available for easy and 
accurate measurement. 

Both Prof. Howe and Mr. Haslam refer to the applica- 
tion of earth-resistance measuring instruments to geo¬ 
physical problems. While work in this respect has been 
going on for the past three or four years the whole science 
IS so new that it is not possible to say more than that 
some very promising results have been obtained in the 
ocation of faults in strata and metallic veins, but a great 
deal more work will have to be done in order that the 
I effect of the many variables which go to make the result 
may be understood.^ In many ways it is one of the most 
promising applications of electrical measurement to 
geophysical problems. 

It was expected that a certain amount of interest 
would be occasioned by the scheme of kVA measurement 
put forward with the use of metal rectifier. It is quite 
true that metal rectifiers are a recent innovation, but 
very extensive development has been going on and an 
mcreasing confidence is being felt in their use. It should 
e remembered that while they might not yet be suitable 
for use with substandard instruments, instruments having 
first-grade accuracy are being made up daily with metallic 
rectifiers and are on the whole giving complete satisfac- 
lon. The theory of the application of metal rectifiers 
to kVA measurement is too long to be included in this 
reply, but it will be published separately. 

In response to Mr. Dance's question as to the accuracy 
of such arrangement, it appears from tests that have 
been carried out that it is within ± 2 per cent, to which 
of course would be added or subtracted the errors of any 

transformers which might be used. 

I agree with Mr. Dance in regarding voltamperes as a 
scalar quantity, which does not admit of negative values; 
kVA must always be positive, and thus the statement 
that no instrument which can rotate in either direction 
depending on the phase angle of the circuit can truly 
measure the kVA is an important one. 

The applications of instruments to the mechanical side 
of electrical plant have been referred to by several 
speakers, and I have to thank Mr. J. Eccles for his cor¬ 
rection of the statement (in the copies of the paper 
distributed at the meeting) that the ratio between 
the heat energy bf the steam and the total energy of 
the coal is more of the order of 80 per cent than 60 
percent. 
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The use of impurity indicators for the boiler feed or 
condensate is becoming more and more necessary, 
especially in view of the continually increasing pressure. 
In some of the latest plants it is the practice to extract 
and condense samples of steam before passing over to 


the turbines so that the carry-over may be tested and a 
check kept on it to prevent erosion, etc., of the turbine 
blades. For this purpose there are several instruments 
available, both of the portable type and the continuous 
indicating and recording type. 


MODERN TRAMWAY ROLLING STOCK.* 

By E. R. L. Fitzpayne, B.Sc., Graduate. 


(Abstract of papey read before the Scottish Students* Section, at Edinburgh, 2nd Becember, 1930.) 


In modernizing tramways, engineers have had three 
main objects in view, viz. increased speed, quiet running, 
and comfort. Increased speed does not imply that the 
car should have a speed of, say, 40 m.p.h., but it means 
that by braking and accelerating it should be able to 
maintain a good average speed. At present the braking 
is good, but the acceleration might with advantage be im¬ 
proved. The acceleration from 15 to 25 m.p.h. is very 
poor compared with the acceleration from rest to 12 m.p.h. 

The drive from the motor to the axle has undergone 
important developments. By having the motor totally 
sprung-bome, noise and wear on the track are lessened. 
One method of achieving this is by the worm-driven 
motor. The motor itself is of standard design, except 
that a worm is cast on the end of the armature shaft. 
The worm-wheel is mounted on a “ quill,** and the drive 
from the quill to the axle is taken through a flexible 
coupling—the most interesting feature of this motor. 
It is an alternative to the more orthodox cardan-shaft 
drive. • Helical gears with a angle have also been 
used with success in place of the spur gearing. The fact 
that the teeth are always in contact ensures that there 
is no jarring as with spur gearing, with the result that 
noise and vibration are materially reduced. 

In all tramways the operation of new rolling stock is 
hampered by the old. As it would not be economical 
to scrap the old rolling stock, means have to be devised 
to bring it up to date as far as possible. On the Edin¬ 
burgh system there are a large number of cars equipped 
with 40-h.p. motors, and it is a problem to run these 
on routes where cars with 50-h.p. motors are running. 
In order to increase the speed of the 40-h.p. motors the 
field turns were reduced, but this experiment failed as 
the cars would not climb the hills satisfactorily. An 
alteration of the gear ratio from 61/14 to 57/18 has been 
tried; tMs, of course, has necessitated reductions and 
re-stepping of the resistances, causing the motors to 
take a greatly increased starting current. This pro¬ 
cedure considerably shortens the life of the motors and 
is therefore unsatisfactory. Experiments have been 
made with a weak-fleld attachment, which shunts each 
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of the fields by a non-inductive resistance when the 
controller is* in the full parallel position. A series relay 
prevents the field contactors closing should the current 
in the motor be too large to make field-weakening 
practicable. In another method which has been em¬ 
ployed the 40-h.p. motors are re-wound with Class B ** 
insulation and the fields are weakened so that the motors 
actually develop 75 h.p. Two cars have been fitted 
with these motors, and their speed on the gradients has 
proved very satisfactory. 

The magnetic track brake is undoubtedly harmful to 
the motors: modem practice combines the magnetic 
brake with the air brake. Thus the first notch of braking 
will be pneumatic only, and the remaining notches 
pneumatic and magnetic. If the rheostatic brake could 
be substituted for the magnetic brake, the track brake 
could be operated by air, and the track shoes might 
then be made of some softer material than the cast steel 
used at present. This would reduce the wear on the 
track and at the same time the rails might be made of 
harder non-magnetic steel, which would have a longer 
life. Owing to the bad riding of trucks at the higher 
speeds the. flanges on the tyres wear badly, and hence 
Grade X 70- to 80-ton tyres are being used. When 
new, these tyres make bad contact with the rails; it is 
some time before they wear down to the shape of the 
rails, and this seriously affects the track brakes. 

The bow collector is a big improvement on the trolley, 
and is almost a necessity where high speeds are attained. 

Another improvement is the use of light-weight alloys 
in the construction of cars. Aluminium alloys are coming 
into prorninence for this purpose on account of their 
lightness, and, in the case of a magnesium alloy known 
as ‘VElektron,** the saving in weight per wheel set 
amounted to 24 per cent. These alloys are manufac¬ 
tured in the " annealed *' or " heat-treated ** condition, 
according to the tensile strength required. 

Interesting trials have lately been made with cars 
equipped for regenerative control. Compound motors 
are used with the shunt fields connected in parallel 
across the line. Regeneration is obtained by strengthen¬ 
ing the shunt field: this raises the e.m.f. of the motor 
and causes energy to be returned to the line. 
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A.C. RECTIFICATION FOR POWER PURPOSES.* 

By R. Macwhirter, B.Sc., Associate Member. 

(Abstract of Paper read before the Scottish Students’ Section, at Glasgow, im December, 1930.) 


Summary. 

r.w® present paper is a brief review of the 

p^sical principles, held of service, and characteristics, of 
rectifiers. Rectification in radio circuits, 
(including the jet-wave rectifier), are 



0 500 1000 

D.C.volts 

Fig. 1. ^Effect of voltage on bulb efficiency 
of mercury-arc rectifier. 

devices depending on spark and glow conduction are 
Ignored. 

A tube using mercury and iron or car^)on as electrodes 
shows extremely good rectifying properties. In such 
tubes the white-hot “ cathode spot is the source of 
electrons and of conducting mercury vapour, and with 
mercury as the negative pole the arc is self-supporting. 

In the practical rectifier (of glass up to about 125 kW 
capacity, and of steel up to 5 000 kW capacity) the 
vacuum is about 0*01 mm when cold, reaching 0*3 m rn 
in operation. Glass bulbs are cheap and have a very 
kmg life, especially in intermittent operation: a life of 
30 000 hours has been known. Steel-cased rectifiers with 
asbestos-packed and mercury-sealed joints have pumps 
permanently connected and controlled by automatic 
pressure-gauge starters. The arc is struck by auxiliary 

anodes excited from a low-voltage a.c. source. 

^ for this paper, and it is 

publish the papS,1n fuU or in 


Efficiency ,—The losses in the arc are roughly propor¬ 
tional to the current, as the voltage drop (of the order 
of 25 volts) is practically constant. The mercury-arc 
reciter is thus primarily a high-current, high-voltage 
device (see Fig. 1), and even at 600 volts it compares 

100 r 


Mercury-Arc Rectifiers. 

There are three kinds of conduction of electricity 
through gases—spark conduction, glow discharge, and 
^c conduction—all of which can be used in rectifiers. 
The essential condition for rectification is that only one 

capable of emitting electrons 
and t^ requirement may be met in various ways, 
s only the arc will carry heavy currents, however, 
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Fig. 2.—600-volt 760-kW mercury-arc rectifier and 
rotary-convertor units compared. 

favourably with the rotary convertor. Further, its 
efficiency is weU maintained at low loads. Fig. 2 
represents a typical comparison. 

Reliability, —^Modern vacuum seals and anode design 
result in few back-starting difficulties. Sudden short 
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Fig. 3.-^Efficiency and regulation of 60-volt 12-ampere 
Tungar rectifier. 

overloads give no trouble, but prolonged overloads 
cause heating of the anodes, which conduces to back- 
starting. Overloads of 100 to 200 per cent for 5 minutes, 
and 20 per cent for 2 hours, are practicable. 


Thermionic Rectifiers. 

For rectification at low voltages the gas-filled bulb 
(e.g. the Tungar type) competes with the mercury 
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arc. In this pattern a glass Bulb filled with argon gas 
to a pressure of several centimetres contains a tungsten 
filament and a carbon anode. The filament emission 
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D.C. current, milliamperes 

Fig. 4.—Copper-oxide rectijaer: vaxiation of forward 
resistance with current. (The variation is partly due to 
temperature changes.) 

causes ionization by collision within the gaseous argon, 
and, given suitable electrode spacing, gas pressure, etc., 
the discharge is intensified into an arc. Such valves 
are made for pressures up to 75 volts and currents up 
to 36 amperes. They may be single- or bi-phase. The 
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Fig. 5. —Copper-oxide rectifier: variation of reverse 
resistance with temperature. 

filament is heated by ineans of a low-voltage transformer 
tapping. Starting is simple. 

Efficiency.’^Besides the voltage drop in the arc 
(about 4 volts) there is the filament-heating loss—about 
30 watts in a 6-ampere bulb. The full-load efhciency 
VoL;-'71. 


of a large installation (90/80 amperes, 28/38 volts) 
reaches 80 per cent: 390 watts are dissipated in the 
filaments. For smaller installations a reasonable working 
efficiency is 55 per cent (see Fig. 3). 

The average life of a Tungar bulb is of the order of 
1000 to 2 000 hours, the life being approximately 
inversely proportional to the load. 

Pure thermionic rectifiers differ from the Tungar 
type in that conduction from filament to plate takes 
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Fig. 6.—Copper-oxide rectifier: variation of " forward 
conductivity with pressure at constant voltage.* 

place through a very high vacuum. Ionization by 
collision is therefore negligible, and the current stream 
is entirely electronic. ’ 

The Copper-Oxide Rectifier. 

Grondahl discovered that a copper disc heated to about 
1 000® C. in air exhibits marked rectifying properties. 
Investigation showed the seat of the valve action to be 
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Fig. 7.—^Efficiency and regulation of 110-volt 0* 76-ampere 
copper-oxide rectifier. 

at the copper-and-oxide junction; the ratio of resistances 
in opposite directions is of the order of 1 000:1, and 
approaches 10 000:1 in especially good specimens. 

^*TR. Smith: “Actual Characteristics and Applications of the Copper- 
Oxide Rectifier in Practice,” Electfical Times, 1980, vol. 78, p. 976. 
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Research has shown that the oxide layer consists of 
cuprous oxide near the copper and cupric oxide near the 
surface. Cuprous oxide faUs in the class of semi- 
insulator, and cupric oxide in the class of semi-conductor; 
so that if a plate of (say) lead be pressed into contact 
^th the oxide, we have the equivalent of a leaky con¬ 
denser with a " graded dielectric whose plates are the 
lead plate and the copper base. It would appear that 
the rectifying action results from the distribution of 
dielectric forces being.sufficient to attract electrons across 
one of the oxide boundaries when the lead is positive with 
respect to the copper, but not when the potential dffier- 


3 to 4 per cent reduction of efficiency over a life of 
20 000 hours. 

Electrolytic Rectifiers. 

In actual fact these rectifiers are not electronic in 
action, but are the equivalent of a leaky condenser with 
unsymmetrical dielectric. 

If a “ formed plate of aluminium and another of 
lead are immersed in a solution of ammonium phosphate, 
the combination shows imperfect rectifying properties, 
^e direction of conduction being from lead to aluminium. 
Ihe formed plate shows a thin, tenacious layer of oxide. 
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practical rectifier consists of a 
nurnber of units assembled under pressure in series or 
paraUel m such a way as to meet the voltage and current 
r^uirements. The current rating is about 0 3 JmpSe 
per sq. m., and the voltage rating 3 to 4 volts per imit. 

Characteristic curves of a copper-oxide rectifier are 
given in Figs. 4, 5, and 6. It will be seen that the 
relation is not linear; that the resist- 
reverse) fall with temperature, and 

^ ^ limits the conductivity increases with the 
pressure. 

battery-charging set rated at 
bv 

a^llO vnl+^^n 7 .; regulation and efficiency curves of 
110-volt ^ 75-ampere rectifier are shown in Fig. 7 . 
ese umts have a long life, the makers claiming only 


Swf ^ oxygen, evolved during formation, 

“f n ^ voltage is definitely below 

sfenJnn + reasons: (a) to enable it to 

sffindup to high voltages the electrolyte must be diluted, 
wilh consequent increase in resistance; (6) the electro- 

V ° electrol 3 rtic condenser, and 

above 100 volts heavy charging currents flow. 

+•« characteristics and imperfect rectifica- 

rion, the ma^um efficiency of electrolytic rectifiers is 

iffitiaTcS* advantage is low 

given by Gunther- 
schulze,^* summanzes the fields of service of different 
t37pes of rectifiers. >xuicicnt 

• "Electric Recaaeis and Valves.” 






HOLMES AND SALTER: THE LONDON AUTOMATIC TELEPHONE SYSTEM. 


THE DEVELOPMENT OF THE LONDON AUTOMATIC 
TELEPHONE SYSTEM.* 

By M. G. Holmes, B.Sc.(Eng.), Student, and L. F. Salter, B,Sc.(Eng.). 

(Abstract of paper read before the London Students* Section ^th May, 1931 .) 


A review of the development and traffic characteristics 
of the London telephone area some 10 years ago estab¬ 
lished the fact that an automatic system was economically 
justified. This having been determined, it was necessary 
to ascertain which of the many systems would be best 
suited to deal with the London telephone traffic, in 
which a very large proportion of calls are completed 
over junctions. This factor calls for a system in which 
the junctions are not inflexibly associated with the 
numbering scheme: it was therefore decided to adopt 
the Strowger or step-by-step ** director system. 

Under the manual system, in order to obviate the 
necessity for junctions from each exchange to every 
other exchange in the area, certain exchanges were 
selected as junction lending centres. The completion 
of certain calls necessitated routing via these centres, 
and as a result transmission was not always satisfactory. 
The idea of a tandem exchange to act as a junction 
centre had been conceived previously, and the intro¬ 
duction of automatic working into London proved to 
be a convement opportunity for the adoption of this 
system of junction lending. A central exchange to 
which were laid heavy-gauge conductor cables, loaded 
and unloaded, was thus available, and systematic control 
of transmission and junction traffic routing therefore 
became possible. In order that this exchange might fit 
in with the automatic scheme arrangements were made 
for the use of automatic switches. 

To enable subscribers connected to automatic ex¬ 
changes to obtain connection to manual and automatic 
subscribers without adopting different dialling pro¬ 
cedures, it was necessary to install ** call indicator'' 
equipment at the manual exchanges. Key-sending 
apparatus was fitted in the automatic exchanges for 
the completion of calls passed over order wires from 
manual exchanges. This type of apparatus was also 
installed in the tandem exchange to cater for calls from 
the manual exchanges to be passed via the automatic 
switches to automatic exchanges and the call indicator " 
positions in manual exchanges. 

The main feature of the director " system is, as its 
name implies, the director. This piece of apparatus 
gives flexibility in junction routing by translating the 
exchange-code digits into other selected digits enabling 
maximum economy in switches and junction line plant 
to be effected. Subscribers' circuits in the external 
cables are connected to one side of a main distribution 
frame, the final selector multiples are connected to the 
other side, and connection between the two is made by 
. A StudentsVPremium was aw by the Council for this oauer and it 
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means of ** jumpers." Different ranks of switches are 
connected by permanent cables, and cross connections 
between junctions and apparatus are carried out on an 
intemediate distribution frame, the object being to 
facilitate redistribution of circuits on which changes are 
comparatively frequent. 

Estimates are made of the quantity and destination 
of the traffic which it is anticipated will be originated 
by the subscribers on an exchange, and these figures 
are used as a basis of design for the exchange. The 
number of each type of switch can then be calculated 
by means of Erlang's theory in the case of " full 
avmlability " groups, and modifications of it in the case 
of graded " groups, grading being the means adopted 
to ensure that each switch is used to a maximum extent 
compatible with a reasonable grade of service. Grading 
between ranks of switches is carried out on special link 
frames. Traffic records to ascertain the traffic actually 
passing in the exchanges are taken periodically, and 
modifications to the number of switches and junctions 
are made on the basis of these records. 

The basic feature of the maintenance of London 
automatic exchanges is a system of periodic routine 
testing. Switches, relay sets, etc., are tested regularly 
by means of automatic testers known as "routiners." 
The tests made simulate actual calls in principle, but 
impose more severe conditions. In this way faults are 
anticipated instead of being allowed to develop later. 

Each portion of the London area is kept under review 
as regards anticipated development, and not less than 
five years before a new exchange is required economic 
studies of the area involved are made and a site as near 
as possible to the theoretical economic centre is pur¬ 
chased. The size of site necessary is determined from 
accommodation data based on a study of anticipated 
conditions 30 years after the exchange opens. The 
building is then erected, and the equipment contractor 
installs the apparatus to the Post Office Engineering 
Department s specification. All parties concerned in 
the progress of the work are regularly advised by a 
system of progress reports, and by this means delays are 
largely avoided. Numerous detailed tests are carried 
out on the apparatus before the exchange rs put into 
service, the final one being that in which actual traffic 
conditions axe simulated. 

Since the commencement of the programme for the 
conversion of the London exchanges to automatic work- 
ing, endeavours have continuously been made to devise 
a method of working whereby the number of operators 
involved in a call from a manual exchange to an auto¬ 
matic exchange may be reduced. Various schemes for 
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the completion of the call by the manual operator with¬ 
out the assistance of a key-sender B operator have 
been tried experimentally, and a system of key-sending 
from the manual exchange by the use of four voice- 
frequency currents operating tuned relays in the auto¬ 
matic exchanges which has been used successfully under 
working conditions is being installed throughout the 
London area. 

The present trend of apparatus development is in the 
direction of minimizing the quantity and value of 
apparatus held during a call; common apparatus is used 


to set up the call and is then released. Economies in 
line plant will be effected by extensions of the tandem 
system of working to particular portions of the London 
area, and sub-tandem exchanges are being installed. 
As the conversion of the London area to automatic 
working proceeds, more and more of the semi-automatic 
plant in the tandem exchange will become spare. The 
idea has been mooted of working large groups of junctions 
from provincial centres via this exchange, thus enabling 
still more calls to be completed by means of automatic 
switches. 


ASPECTS OF THE TRANSMISSION AND RECEPTION OF STILL PICTURES.* 


C. J. F. Tweed, Associate Member, 


(Abstract of paper read before the London Students’ Section IZth March, 1931 .) 


It is intended, in this paper, to give an outline of the 
fundamental principles involved in the majority of 
picture systems, then to deal with the application of 
these principles to one or two definite systems, and 
finally to point out some of the uses of such systems and 
the difficulties involved in their application. 


Fundamental Principles. 

The three essential points to be considered are :_ 

{a) The conversion of the picture at the transmitter 
into electrical impulses. 

(d) The re-conversion of these impulses into a picture 
at the receiver. 

(c) A means of performing operations (a) and (6) 
synchronously and in phase. 

(a) The first process is usually accomplished by 
wrapping the picture round a cylinder which is traversed 
by a scanning pomt. In order to explore the whole 
picture area, motion in two planes is necessary. One 
motion is generally obtained by revolving the cylinder, 
or the scanning point, or both; and the other by 
traversing the scanning point in a direction at right 
angles to the drum rotation by means of a lead screw 
or similar device. The actual path traced out by the 
scan^g point on the surface of the drum is therefore 
a spiral one, similar to the threads on a screw. The 
distanoe between each adjacent path of the spiral is 
termed the " mesh ” of the picture, and this largely 
determines the amount of detail obtained. If the 
picture is specially prepared in such a way that its 
surface is conducting or non-conducting in sympathy 
with the intelligence wMch it is wished to convey, a 
metal stylus can be used as a scanning point. Although 
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this method has the advantage of simplicity, its use is 
obviously limited. Perhaps the most usual method is 
to scan the picture by means of a light spot, and allow 
the light which is reflected from the surface to modulate 
a photo-electric cell. If, however, a transparency is 
used ^e light will pass straight through the film instead 
of being reflected; but in this case also the light failing 
on the photo-electric cell will vary in intensity in 
accordance with the picture being transmitted. 

The particular method used will be largely deter¬ 
mined by the amount of detail which it is wished to 
transmit, and by the operating conditions prevailing. 
The advantages of several different methods are dis¬ 
cussed. 

(b) In order to render the received signals visible on 
paper some form of recorder must be employed, and 
the scanning mechanism associated with this will be 
somewhat similar to that at the transmitter. Among 
the kinds of recorders employed in practice are the 
chemical type and the photographic (or light) type. 

In the first, absorbent paper is moistened with a 
chemical solution and scanned with a metal stylus. 
Unidirectional current controlled by the received signals 
is passed through the paper via the stylus and drum, 
and a mark is produced on the paper due to electro¬ 
chemical action. The picture is thus visible immediately, 
but the speed of working is limited owing to the nature 
of the recorder. 

In the second t57pe of - recorder photographic paper or 
film is used, and some form of light source is therefore 
necessary. This light source may either be controlled 
directly by the received signal, as in glow discharge 
tubes, or else, by a light shutter (e.g. Kerr cell and 
Nicol prisms) i 

(c) In order that any particular picture element on 
the drum at the transniitter may be recorded at a 


precisely similar point on the drum at the receiver the 
two drums must run synchronously and in phase. This 
methoS^^ achieved by one or other of the following 

K method makes use of a signal sent out 

by the transmitter, to control the motion of the drum 
at the receiver. In some cases this signal consists of a 
steady tone of short duration which is sent out at every 
revolutaon of the drum at the transmitter and is made 
to control a start-stop mechanism on the drum at the 
receiver. In other cases a continuous steady frequency 
IS ^smitted and used to control the angular motion 
of the drum at the receiyer by means of some form of 
synchronous machine. This frequency is either sent out 
oyer a separate channel or else superimposed on the 
picture signals. ^ t- 

(ii) The second method makes use of an independent 
source of constant frequency at each end, and these 
frequencies control the relatiye motions of the drums at 
toe transnutter and receiyer respectively. A tuning 
fork, oscillator, or chronometer, is generally used for 
t^purpose, and it should be possible to vary the source 
at the receiver so as to enable the frequency at the 
transmitter to be accurately duplicated 

Although method (i) may be simpler and—in some 
cases—more accurate than (ii), it has several disadvan¬ 
tages. Thus, if synchronism is made dependent on a 
transmitted signal, its efiectiveness will depend on the 
signal/noise ratio at the receiver. Bad jamming (as in 
radm reception) or serious fading (as in transatlantic 
short-wave working) wiU put the receiver out of step, and 
toe will toen be lost in re-synchronizing and re-phasing 
Another disadvantage from the point of view of com¬ 
mercial working is that the synchronizing signal occupies 
an appreciable amount of cbannel time. 

Practical Picture Systems. 

A portable picture system which has been designed 
to work from the air to the ground, or between two 
mobile ground stations, utilizes independent synchronism 
and chemical recording. A particular feature of this 
equipment is that the scanning stylus revolves and the 
picture drum remains stationary. The message can 


therefore be observed during reception. Transmission 
I ^ effected by means of a specially-prepared message 
form and conducting ink, the ink penetrating a thL 
insulatmg surface and making contact with a metaiiiVA,^ 
undercoatog. Synchronism is obtained by means of a 
I OOO-cycle tuning fork at the transmitter and a stable 
v^ve oscillator at the receiver, the frequency of the 
latter being slightly variable so that the fork frequency 
may be accurately dupheated. Since the picture being 
received is visible during reception, slight variations in 
syncl^omsm are immediately obvious and can be cor¬ 
rected by adjusting the oscillator frequency at the 
receiver. The picture drum is mounted vertically and 
can be rotated by hand, thus enabling the pictures to 
be started m phase. The system is intended to send 
and receive rough sketches, maps, weather charts, and 
manusenpt, with speed and reliability; it is not capable 
of dealmg with half-tone illustrations. The speed of 
Emission is 4j minutes for a picture measuring 
9 in. X 6 in., the scanning speed being 14 in. per sec. 

A second system makes use of optical scanning and a 
photo-cell at the transmitting end. Independent syn- 
cteonism is obtained by means of two tuning forks kept 
at constant temperature in thermostatically-controlled 
meubators, and a light shutter is used at the recording 
end. This S 3 rstem has been operated on a transatlantic 
short-wave radio circuit, and the results obtained show 
that the speed of transmission is limited ow ing to the 
presence of multiple signals. 

Applications. 

Stm-picture transmission is not intended to supersede 
or even to compete with, telegraph traffic. It is designed 
to deal with a different type of matter altogether, 
^ades the topical pictures which are now familiar 
features m the daUy papers, picture transmission has 
otoer important uses. In countries such" as Japan or 
China where the language spoken is not easily interpreted 
by Morse Code, the transmission of facsimile sheets of 
manuscript or print is an interesting proposition, while 
the possibility of reproducing fingerprints, cheques, 
legal documents, and signatures must not be over- 
looked. 
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INSTITUTION NOTES. 


National Certificates and Diplomas in Electrical 
Engineering (England and Wales). 

The undermentioned colleges have been approved 
under the scheme drawn up by the Board of Education 
and the Institution:— 


Studies in Radio Transmission'' (see page 405), was 
read and discussed. 

The meeting terminated at 7.46 p.m. with a vote of 
thanks to the author, which was moved by the Chair¬ 
man and carried with acclamation. 


Approved for Ordinary Grade Certificates 
{Senior Part-time Course), 
Dartford Technical College. 

Jarrow Evening Institute. 

Lincoln Technical College. 

Rotherham College of Technology and Art. 

Approved for Higher Grade Certificates 
{Advanced Part-time Course), 
Barrow-in-Fumess Technical College. 

Cardiff Technical College. 

Loughborough College. 

Approved for Ordinary Grade Diplomas 
{Senior Full-time Course). 

Hull Municipal Technical College. 


Public Works, Roads, and Transport Congress 
and Exhibition, November, 1933 . 

The following prizes axe offered by the Congress 
Org^zing Committee for papers submitted for dis¬ 
cussion at the Congress to be held in November 1933:_ 


1st Prize—Gold Medal and 100 guineas, 
2nd Prize—Silver Medal and 50 guineas, 
3rd Prize—Bronze Medal and 20 guineas, 
4th Prize—^Ten guineas. 


with an additional award of 5 guineas for each paper 
(excluding those to which the above prizes are awarded) 
selected for discussion at the Congress. 

The subject of a paper must be one covered by the 
objects of the Congress, namely, highways and bridges, 
water supply, sewerage, and sewage disposal, cleansing, 
gas, electricity, housing and town planning, tramways 
and light railways, agriculture (small holdings, land 
drainage, land reclamation, and agricultural education), 
and local government organization. 

Full particulars, together with a list of suggested 
subjects for papers, can be obtained from the Honorary 
Secretary of the Congress, 84, Eccleston Square, London, 
S.W.l, to whom.all papers must be sent not later than 
noon Oh the 31st December, 1932. 


Proceedings of the Wireless Section. 

98th Meeting of the W^ireless Section, 

23rd March, 1932. 

S. Angwin, D.S.O.. M.C., B.Sc.(Eng.), Chair- 
laan of the Section, took the chair at. fi p tn 

lolJ® meeting held on the 2nd March, 

1932, -were taken as read and were confirmed and signed 
A papM by 3SJx. T. L. Eckersley, BA.., B.Sc., entitled 


99th Meeting of the Wireless Section, 

6th April, 1932. 

Col. A. S. Angwin, D.S.O., M.C., B.Sc.(Eng.), Chair¬ 
man of the Section, took the chair at 6 p.m. 

The minutes of the meeting held on the 23rd March, 
1932, were taken as read and were confirmed and signed. 

A paper by Mr. B. S. Gossling, M.A., entitled The 
Flash-Arc in High-power Valves ” (see page 460), was 
read and discussed. 

The meeting terminated at 8 p.m. with a vote of 
thanks to the author, which was moved by the chairman 
and carried with acclamation. 


Joint Meeting of the Wireless Section and the 
Meter and Instrument Section, 8th April, 1932. 

Mr. F. C. Knowles, Chairman of the Meter and Instru¬ 
ment Section, took the chair at 7 p.m. 

A paper by Mr. H. R. Harbottle, B.Sc.(Eng.), Associate 
Member, entitled ‘'Some Acoustic and Telephone 
Measurements ** was read and discussed. 

The meeting terminated at 9.26 p.m. with a vote of 
thanks to the author, which was moved by the 
and carried with acclamation. 


100th Meeting of the Wireless Section, 
26th May, 1932. 


Col. A. S. Angwin, D.S.O., M.C., B.Sc.(Eng.), Chair¬ 
man of the Section, took the chair at 6 p.m. 

The minutes of the meeting held on the 6th April, 
1932, were taken as read and were confirmed and signed. 

The Chairman announced the Council’s award of 
Premiums (see page 144) for papers read before the 
Section during the session 1931-32. 


He also reported that no nominations had been 
received other than those proposed by the Committee 
and that the following would therefore take ofia.ce on 
the 1st October, 1932:— 


Vice-Chairman : Prof. E. Mallett, D.Sc.(Eng.). 

Immediate Past Chairman: Col. A. S. Angwin D S O 
M.C., B.Sc.(Eng.). 

Ordinary Members Of Committee: G. W. N. Cobbold 
B.Sc., B.A., H. Faulkner, B.Sc., N. Lea, B.Sc., S. H 

!• T. MacGregor-Morris 
B E G ^ttell,F. Murphy, B.Sc.(Eng.), F. E. Nancarrow, 
H. Shaughnessy, O.B.E., G. Shearing, 
O.B.E., B.Sc., and T. Wadsworth, M.Sc, 

^ ■ ^f. E. V. Appleton, M.A., D.Sc., F.R.S., then 
dehvered a Lecture entitled “ Wireless Studies of th€ 
lonosphere.'V 
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Col A r lecturer, proposed by Lieut.- 

T R T tr seconded by Mr 

L. B. Turner, M.A., was carried with acclamation 
The meeting terminated at 7.25 p.m. 

Proceedings of the Meter and Instrument 
Section. 

26th Meeting of the Meter and Instrument 
Section, 6th February, 1932. 

chS at 7 ';.^'°'^^®®’ 

meeting held on the 8th January, 
The confirmed and signal. 

discussfd:- 

bv Dr A B “ Ca«iode-Ray OsciUographs,” 

by Dr. A. B. Wood (see page 41); " Accuracy of Measur^ 
mente made Witt Hot-Filament Cathode-Ly Tubes,” 

wnpt, B.Sc.(Eng.), Graduate (see page 57). 

The meeting terminated at 10.6 p.m. with a vote of 
thanks to the authors, which was moSy the Sak- 
man and carried with acclamation. 

26th Meeting of the Meter and Instrument 
bECTioN, 4th March, 1932. 

chS al 7^?°'"^®®’ the Section, took the 

iqI, ® of the meeting held on the 6th February 

1932, were taken as read and were confirmed and signS 

entm^ The Metermg of E.H.T. Supplies on the 

°J Step-Down TransfoLers ” (see 
page 607),-was read and discussed. 

The meeting terminated at 9.45 p.m. with a vote of 

chairman 

ana carried with acclamation. 

27th Meeting of the Meter and Instrument 
Section, 18th March, 1932 

ohis 

19?2 *^® on the 4tt March, 

1932, wMe taken as read and were confirmed and signed 

as fouS™^ discussion took place, the subjects being 

the British Standard Specification for Meters 
A W*^hM) ^“P®*^®*^ P'- Shotter and Mr. 

P^pAjnat " (op«..d by 

^(3) “Is tte CaUbration of Watt-hour Meters with 
tteir Transformers Desirable?” (opened by Mr. A T 

in favour of calibration, and m. 
Wilfred Holmes m opposition). 

The meeting terminated at 10.16 p.m. with a vote of 
th^s inoved by tte chairman, to those members who 
had mtroduced tte subjects for discussion. 

28th Meeting of the Meter and Instrument 
- Section, held jointly with the Wireless 

1932. 

_ 1N&. F.E. Kiowles, Ghairman of the Section, took the 
Chair at 7 p.m. 


A paper by H. R. Harbottle, B.Sc.(Eng.), Associate 
Member, entitled "Some Acoustic and Telephone 
Measurements," was read and discussed. 

The meeting terminated at 9.26 p.m. with a vote of 
thanks to tte author, which was moved by tte rhairmor. 
and earned with acclamation. 

29th Meeting of the Meter and Instrument 
Section, 29th April, 1932. 

hfr. P- C. Knowles, Chairman of tte Section, took the 
chair at 7 p.m. 

The minutes of the meetings held on tte 18tt March 
and on the 8th April, 1932, were taken as read and were 
confirmed and signed. 

The Chairman announced that tte Committee had 
nom^ted tte following to fill the vacancies which 
Committee on tte 1st October, 

Chairman: R. S. J. Spilsbury. 

Ordinary Members of Committee: T. S. Andrew O. 
Howarth, Prof. J. T. MacGregor-Morris, and Dr. E* H 
Rayner, M.A. ' ‘ 

M^srs. W. E. C. AUiss and H. Honey were appointed 
s^tmeers of tte ballot for tte election of new members 
Of the Committee. 

Dr. C. V. Drysdale, O.B.E., Member, then delivered 
a Lecture entitled " Future Progress in Electrical 
Measuring Instruments. ’' 

■o'! T®o® to the lecturer, proposed by Mr 

R. S. J. Spilsbury and seconded by Mr. F. E. J. Ockenden 
was carried with acclamation. 

The meeting terminated at 9 p.m. 

Informal Meetings. 

143rd Informal Meeting (11th January, 1932). 
Chairman ; Mr. M. Whitgift. 

^ Subject of Discussion : " The Relative Importance of 
Cmrent and Installation Costs as affecting tte SaU of 
Electricity.” (introduced by Mr. H. T. Young). 

S:^k^s .-Messrs. F. Selley, J. Lesser, A. N. D. Kerr, 

W. :^tchie. General C. B. Legge, Messrs. J. R. Bedford, 

W. Jones, J. F. Shipley, Miss J. Whitgift, Messrs. C. F. 
Mounsdon, A. Morgan. 

144th Informal Meeting (25th January, 1932). 
Chairman : Mr. H. M. Proud. 

Sul^ect of Discussion : Engineering < Conditions in 
-Russia (introduced by Mr. J. C. Wigham). 
speakers : Me^rs. A. Morgan. R. Grigg. A. H. Olson, 

' S. Flax, G. K. Johnson, D. B. Hoseason, 

P. J. Higgs, L. S. Crutch, A. N. D. Kerr. 

145th Informal Meeting (16th February, 1932). 
CAaii-maw ; Mr. R. Grierson. 

Subject of Discussion: "Electro-Medical AppUances 
m General ” (introduced by Mr. G. G. Blake) 

_ speakers: Messrs. D. A. Stewart, J. F. Shipley, C. M. 
DavKM, E. Megaw, Dr. B. J. Leggett, Messrs. W. 
Rennie, F. L. Veale, A. A. Linsell, M. Whitgift, A. 

Harmer. P. G. A. H. Voigt, R. Leach. 
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146th Informal Meeting (29th February, 1932). 
(Joint Meeting with the British Section of the 
SOCIETE DES InGENIEURS CiVILS DE FRANCE.) 
Chairman : Mr. W. Bradshaw. 

Subject of Discussion: ” The Standardization of the 
Frequency of Electricity Supply in Paris'' (introduced 
by Mr. P. Rieunier). 

Speakers : Messrs. J. W. Beauchamp, W. E. Highfield, 
Roger T. Smith, J. F. Shipley, A. F. Harmer. 

147th Informal Meeting (21st March, 1932). 
Chairman: Mr. J. F. Shipley. 

Subject of Discussion : ** The Electrical Recording of 
Sound/^ (introduced by Mr. G. H. Nash, C.B.E.). 

Speakers: Messrs. W. A. Ritchie, R. W. Hardisty, 
C. R. Keith, R. Mines, F. A. Cobb, S. Hill, J. R. Bedford, 
H. J. Neill, A. D. Blumlein, V. J. Terry, P. G. A. H. 
Voigt, G. F. Bedford, A. J. Gill. 

148th Informal Meeting (Hth April, 1932). 
Chairman : Dr. A. Rosen. 

Subject of Discussion : The Modern Trend of Design 
of Broadcast Receivers (introduced by Mr. C. F. 
Phillips). 

Speakers : Mr. P. G, A. H. Voigt, Lieut.-Commdr. Sir 
P. W. Bowyer-Smyth, Bart., Dr. L. E. C. Hughes, 
Messrs. P. K. Turner, F. A. Cobb, G. C. AUingham, 
M.B.E., W. E. Bradshaw, A. G. McDonald, F. Jervis 
Smith, M. G. Scroggie, A. J. Gill, Lieut.-Col. H. P. T. 
Lefroy, D.S.O., Messrs. E. J. Wilby, A. Morgan, 
R. Mines. 

Elections and Transfers of Members. 

At the Annual General Meeting held on the 5th May, 
1932, the following elections and transfers were effected:— 

Elections. 

Associate Members, 

Allcock, William Rayner. Rhodes, George Leslie, 
Gibbard, Henry England. M.A. 

Jackson, Ernest. Ridge, Thomas William, 

McPetrie, James Stuart, Riley, John Hesketh. 

^•Sc. Simpson, Thomas George. 

O'Reilly, Eugene Leo, B.E., Smith, Percy Edward. 

®-Sc. Walker, Joseph. 

Ratcliffe, John Ashworth. Wilkinson, Leslie Fielding. 
Woods, Edmond William. 

Associates. 

Burdick, Stanley George. Vickers, John. 

Hird, Frederick. Virr, Leonard Kirby. 

Matthews, William. WMbley, Joseph Herbert. 

Graduates. 

Armstrong, John Stewart.- Noakes, Dorothy May 
Duckworth, Arthur Wil- (Miss), B.Sc. 

liam S. Penney, Alfred Charles, 

Gra^gge, Fletcher. B.Sc. 

Joslin, William Harris. Stewart, David. 

Kennedy, Geoffrey Farrer, Toner, Harold Norman. 

Vodden, Charles Edwin. 
Markwick, Alfred Herbert Whipple, George Allan 
■ /D.,^B.Sc.,., v;. ' ■ 

; ^ ';Zaki,:Said.''' 


Students. 


Alford, Ronald William C. 
Balean, Henry Hamilton. 
Ballou, Andres Bonfante. 
Banfield, Bernard John. 
Barrass, George Smith, 
B.Sc (Eng.). 

Barrett, John Ernest. 
Bousfield, Robert Hugh. 
Brown, Archibald Leslie. 
Bury, Ronald. 

Butler, Hector. 

Canto, Alfred Matthias. 
Cooper, Reginald Amyas. 
Cope, John Henry W. 
Corbin, Clive Wilson. 
Cosier, John Edward G. 
Dobson, Frank John B. 
Dent, Guy Alan. 

Dubash, Mahiar Dhunji- 
shaw. 

Dumert, Victor. 

Foster, Reginald Sydney. 
Hooper, Stanley Leonard. 
Harding, Robert Joseph. 
Heywood, Geoffrey. 

Jain, Jagdish Chandra. 
Jenhett, William Joseph. 
Kenyon, Philip. 

Kerrison, Frederick 
Leonard. 

Kirkpatrick, Kenneth 
Sutton. 

Kirkup, Ralph William. 
Layzell, Albert Cyrus. 
Linnell, Charles Edward. 


Littlejohn, George William. 
Misra, Lai Chand. 

Neill, Stanley Francis M. 
Olsen, Peter Louis. 

Potts, Russell. 

Preedy, George Martin. 
Pyle, Bernard Charles. 
Raven, Arthur. 

Rogers, Basil James. 
Sheikh, Kabir Ahmad. 
Sheppard, Henry John. 
Silverman, David. 

Smith, Eric Stanley. 
Sparke, George Douglas. 
Stevenson, Geoffrey Lan¬ 
caster. 

Strafford, Frederick Rich¬ 
mond W. 

Street, Walter George. 
Swain, Edwin Charles. 
Sykes, Allan. 

Trenhaile, Clifford. 
Vajifdar, Darab Hormusji. 
Vardey, William Edward. 
Wahid, Abdul. 

Warner, Norman Edward. 
Watkin, John Robert. 
Whinfield, Frederick Ray¬ 
mond S. 

Wilkins, Sydney Ruther¬ 
ford. 

Wilkinson, William Ray¬ 
mond. 

Williams, Emrys. 

Wood, William Stanley. 


.Transfers. 

Associate Member to Member, 


Bentley, John. Ramsey, Arthur George, 

Campbell, Henry Arthur. M.B.E., B.Sc.(Eng.). 
Elliott, Claud John. Spilsbury, Robert Samuel 

J., B.Sc.(Eng.). 

Associate to Associate Member. 

Jones, Walter Ernest. Royle, William Arden. 

Rowell, John Periam. Wilson, James Haynes. 

Woodcock, Herbert William. 


Graduate to Associate Member. 


Anderson, James Peter. 
Boldy, Tigran David. 
Cooper, Eric Raymond. 
Evans, Evan John, M.Sc. 
(Eng,). 

Fames, Gilbert Henry, 
B.Sc.(Eng.). 

Fraser, Herbert James. 
Godden, Frederick William. 
Gcwdridge, Francis. 
Hayes, Leslie William. 
Isterling, Jasper. 


Lan dale, Stenard. Ernest 

A. , Ph.D. 

Mayer, Cornelius Graham. 
Mead, Edward Michael K., 

B. A. 

Newhouse, Kenneth Henry 
A. 

Osment, Cyril George, B.Sc. 
(Eng.). 

Peel, George Neville, B.Sc. 
Rooney, James Louis, 
M.Eng. 


Waters, George, B.Sc. (Eng.) 
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Summary. 

The subject matter of the paper is divided under the 
following headings:— 

Introduction. 

Thermal efficiency. 

Operation costs. 

Reliability. 

Factors in design affecting reliability and operation. 

Flue gas, dust and sulphurous fume extraction. 
Arrangement of boiler plant. 

Acknowledgments. 

References. 

Introduction, —In the Introduction a brief survey is made 
of the present position of boiler plant design in this country 
and America. The outstanding thermal performance of 
modem American generating stations is commented upon, 
and it is shown that these results are in no small measure 
the effect of American boiler plant development. The 
greatest difference in the trend of design between the two 
countries is in the wider adoption of higher operating steam 
pressures for American generating stations, the increase in 
individual boiler unit capacity, and the extended use of 
pulverized fuel firing, particularly on the unit system. 

Thermal efficiency.— this heading present-day thermal 
results of British boiler plant are discussed, and examples are 
given of such results for both stoker-fired and pulverized-fuel- 
fired boiler plants. 

Operation costs. —In this part of the paper the importance 
of repairs and maintenance costs is stressed. Examples are 
given of these costs for two large pulverized-fuel installations 
and one large stoker installation. 

Reliability. —The reliability of modern boiler plant is dis¬ 
cussed under this heading, and the reliability of a large 
pulverized-fuel-fired British plant is given in analytical 
tabulated form and also graphically, showing the hours of 
availability lost as a result of outage, and the cause of such 
outage. Three examples are given on a somewhat similar 
basis of the reliability of American plants. The various 
factors affecting reliability in general are discussed. 

Factors in design affecting reliability and operation.—Tlcds 
section of the paper is subdivided under the following 
headings:— 

{a) Water-heating and evaporative parts (boiler and 
economizer). 

(b) Superheater. 

(c) Combustion chamber. 

(d) Combustion equipment. 

Under the author discusses the trend towards higher 
ratings and the results accruing from such practice. He 
sugg^ts that the conventional present-day boiler form is 
unsuitable for development for high rates of heat transfer, 
and that such rates can only be effected by radiant heat, 
necessitating very radical changes in boiler unit foim* He 
suggests, in general, that for the commonly accepted boiler- 
unit forms the average rate of evaporation per square foot 
of total waterrheating surface at normarload should not 
exceed 5*5 lb. per hour. The need for further development of 
soot-blowing apparatus is discussed under this sub-hea^ng. 

Under (&) the trend in superheater design is discussed, and 
the vulnerability of the modem superheater location is 


emphasized. It is suggested that with the demand for still 
higher superheats, development in design is necessary to 
provide a superheater location where definite and separate 
control of superheat temperature can be effected. Super-, 
heater troubles within the experience of the author are given, 
and these include records of temperatures which superheater 
tube materials have to withstand in everyday practice. 

Under (c) the author discusses and emphasizes the im¬ 
portance of combustion chamber design, and suggests that 
the boiler parts proper should be designed and arranged in 
dependent relation to the combustion chamber. The develop¬ 
ment of the water-cooled combustion chamber is briefly 
outlined, and the various advantages and limitations are 
discussed. The form of the combustion chamber and factors 
affecting reliability of refractory and water-wall construction 
are discussed. 

Under {d) the author discusses the relative merits of stoker 
and pulverized-fuel combustion equipment, and suggests 
that pulverized-fuel firing has many advantages over stoker 
plant. These advantages are discussed, but the suggestion is 
qualified by the necessity for designers, constructors and 
operators being thoroughly conversant with the subject of 
pulverized-fuel plant design and operation. 

This section is followed by a discussion of the relative 
merits of the unit and bin-and-feeder systems of pulverized- 
fuel plant, and the author suggests that the greater reliability 
and other advantages of a form of bin-and-feeder S3rstem 
cannot be ignored. 

It is suggested that the adoption of boiler units of greater 
capacity for the modem large generating station has many 
advantages without sacrificing reliability or incurring greater 
costs, and a further suggestion is made and briefly discussed 
in favour of pulverized-fuel-fired units of not less than 
600 000 lb. of steam per hour. 

Air-heater equipment is discussed in this section of the 
paper, and the author criticizes and discusses modem design. 
He suggests simplicitv in form and construction and greater 
attention to the laws governing the flow of air and gases. A 
brief survey of one phase of the author's experience in the 
application of high-temperature air to stoker practice is given 
and conclusions are reached. These latter were, principally 
the necessity for cooling the grate surface to at least 350° F. 
and limiting the air temperature to this value. This section 
concludes with a survey of the author's experience with a 
large pulverized-fuel installation. 

Flue gas, dust and sulphuroMs fume extraction. —^The author, 
has the honour to be a member of the Chimney Emissions 
Committee set, up by The Electricity Commission, and also 
a meml^ez of the Technical Sub-Committee, and therefore he 
cannot freely discuss dust and sulphurous fume extraction 
in the present paper. 

Arrangement of boiler plant.—I vl this final section of the 
paper the. relative merits of the accepted forms of boiler- 
plant lay-out are considered. 


INTRODUCTION. 

It is intended to confine this paper to a survey o^ 
present-day practice in the design, construction and 
operation of the conventional types of boiler plant 
forming the steam generating equipment of the moderii 
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electri^ power station. An attempt is also made to 
s ow how certain factors, evolved from present-day 
expenrace, wiU influence the trend in design of steam 
^neratag umts and the lay-out of boiler plants in the 
immediate future. 

Thougi this survey deals principally with present- 
day British practice and the trend of development in 
nis country/references and comparisons are marlA to 
representetive contemporary design in the United 
states of America. 

• • prevent the paper assuming encyclopaedic dimen¬ 
sions tte.subject is treated in general, but, where neces¬ 
sary, the matter is discussed in detail. The paper has 


values are the average of the plant' performance for 
periods of not less than one month and are riot the 
result of short-period tests. The table has been com¬ 
piled from data abstracted from recent N.E.L.A. reports 
and from private sources. The efficiencies are calcu¬ 
lated on the gross calorific value of the coal as fired. 

Table 1 must not be taken as showing a comparison 
between different combustion methods. The stations 
itemized have each a superlative overall thermal per¬ 
formance, and the difference in boiler-house efficiencies 
is accounted for by the method in which the thermal 
cycle has been balanced between boiler and turbine 
plant. The table merely sets forth the effect of recent 


Table 1. 

Boiler-House Efficiencies of Representative American Generating Stations. 


Company 


Cleveland Electric Illuminat¬ 
ing Co. 

Detroit Edison Co. .. 


The Duquesne Light Co. 
Illinois Electric’Power Co., 
Philadelphia Electric Co. . 
Union Gas and Electric Co. 
State Line Generating Co. . 
Super-Power Co., Illinois . 


Station 


Avon 

Trenton 

Channel 

Colfax 
E. Peoria 
Richmond 
Columbia 
State Line 
Pekin 


Boiler-house 

eflficiency 

(including 

banks) 


percent 

87-3 


87-0 


Type of boiler 


Combustion equipment 


87 

83 
87 
87 

84 
84« 


B. 8c W. (Babcock & Wilcox) 
Twin Stirling 

B. 8c W. Stirling ''W** type 
and Walsh Weidner '' W ” 
type 

B. W. cross drum 
Springfield 
W. type 

B. 8c W. cross drum 
B. & W. cross drum 
B. W. cross drum 


Central system, pulverized fuel 
Central system, pulverized fuel 


Central system, pulverized fuel 
Central system, pulverized fuel 
Stoker 

Central system, pulverized fuel 
Unit system, pulverized fuel 
Unit system, pulverized fuel 


b^n compiled from tiie author's own experience and a 
stady of contemporary :i-terature, principally reports of 
tte proceedings of BritL^a. and foreign technical institu- 
Bons, coupl^ with infcrmation from private sources. 
Frequent reference is made to data published in the 
aforemen^ned reports, ^d it is felt that compUcation 
of the text will result if Acknowledgment is made on 
every wcasion. It is hoped, therefore, that wherever 
the auttor has omitted to make clear the title of the 
authority quoted the list of references appended to the 

pa^r will be accepted as due acknowledgment. 

A stady of present-day American conditions and an 
anal;^is of the statistical reports of that country leads 
one to the general conclusion that the best American 
generatog stations have a better average thermal eflS- 
caen^ than those representative of best average British 
practice. A number of American generating stations 
are coimistently producing a kilowatt-hour for a heaL 
e.xpenditnre of under 14 000 B.Th.U. A furttiea- 
^^isindicafes that this is due in a large measure 
to the advanced state of boiler plant development and 
the fact that a high standard of employee is used for 

•1, these factors make 

possible the mamtenance of high boiler-house thermal 
efficiencies over long periods. 

^ Table 1 ^hows boiler-house efficiencies of representa¬ 
tive American generating stations. The efficiency 


boiler plant development on the maintenance of high 
boiler-house efficiency. 

The principal factors which make these plant per¬ 
formances possible are:— 

The close attention given to the design and construc¬ 
tion, particularly in detail, of boiler-house equip¬ 
ment for long continuity and reliability of service. 

The good quality, and particularly the consistency, of 
the coal supply. 

The use of large boiler units. 

The facilities provided for ease of operation. 

The basis of contract guarantees relative to plant 
performance. 

These factors will be more fully discussed later in the 
paper. 

^ During the past two years American development 
has shown a marked increase in individual boiler unit 
capacities, and the present tendency is towards one 
boiler unit per turbine, with a spare to cover outages 
Large boiler units capable of evaporating 1 milHon lb. of 
water per hour have been successfully designed, built 
into operation. This phase of development 
has been facilitated by the size of riie distributioii sys¬ 
tem^ coupled with toe fact that, as a result of the rapid 
^owth of connected load, new generating stations ^ 
designed much more frequently than is toe case in this 
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country. The adoption and development of the water- 
cooled furnace for both stoker and. pulverized-fuel com¬ 
bustion equipment has progressed to the extent that it 
is now standard practice, and the high rates of evapora¬ 
tion per square foot of total evaporative heating surface 
accredited to modern American boiler design is due to 
the use of large cooling surfaces in the combustion 
chamber, where high heat-transfer rates can be effi¬ 
ciently and economically utilized. In some cases as 
much as 65 per cent of the total heat liberated in the 
combustion chamber is absorbed by the water walls. 
The development of the water-cooled furnace has, 
further, proved to be a beneficial factor in the main¬ 
tenance of long periods of operation. As will be shown 
later, boiler plant outages are mostly due to main¬ 
tenance of furnace refractories, and the development of 
the furnace water wall has reduced this maintenance to 
a minimum. 

Development in the use of higher steam pressures in 
America has followed two distinct tendencies:— 

[а) Boiler plants designed for a working pressure 

between 600 to 650 lb. per sq. in. in combina¬ 
tion with either reheat or non-reheat turbine 
units. 

(б) Boiler plants designed for a working pressure 

between 1 200 and 1 400 lb. per sq. in. in com¬ 
bination with reheat turbine units. 

Though the majority of America's newer generating 
stations are operating on the lower pressures, and the 
extent of development indicates a stabilization of 
design around these pressures, it is noteworthy that at 
the time of writing there are over 15 boiler unite operat¬ 
ing successfully and with no serious troubles in the 
neighbourhood of the high pressures. A study of 
American practice indicates that in considering the 
design of a new station the decision between the adop¬ 
tion of 600 lb. per sq. in. and 1 200 lb. per sq. in. 
operating steam pressures is governed by the cost of 
coal, the anticipated load factor over the life of the 
plant and the increased capital costs which are involved 
by the adoption of the higher pressures. The capital 
cost increases rapidly with increase in pressures above 
600 lb. per sq. in., but the improvement in efidciency 
increases slowly. If good quality coal is obtainable at 
4 dollars per ton of 2 000 lb. and the load factor is under 
50 per cent, the increase in capital charges may more 
than offset the gain in heat efficiency resulting from the 
'adoption of the higher pressures. Further, for the 
reasons already stated, the advantageous use of large 
units is facilitated, but the largest turbine yet con¬ 
sidered for these higher pressures has a capacity of only 
14 000kW. 

Development in the adoption of higher steam tem¬ 
peratures is limited, owing, as in this country, to -the 
lack of suitable materials and the limited knowledge of 
the behaviour of available alloys at elevated tempera¬ 
tures. The present point at which design appears to be 
stabilized is in the neighbourhood of 800°-850® F., but 
valuable pioneer work on a commercial scale is being 
done by the Detroit Edison Co., who are putting a plant 
into commission to operate with a steam temperature of 
lOOO^F. 


Development iri the design of the evaporative com¬ 
ponents of the l^oiler unit has shown no radical changes 
from accepted/standard practice, and apart from in¬ 
creases in siz^/ they still retain their conventional form. 
The steamin^'^ economizer has, however, been adopted in 
a number of new .stations and has proved practicable 
and satisfactory. 

The development of combustion equipment in America 
is considerably assisted by an advantageous factor which 
is non-existent in this country. The geological charac¬ 
teristics of the coal measures are such that combustion 
equipment can be developed for a particular coal, and 
the reserves are such that a station can be laid down to 
operate for the whole of its life on that coal. Consis¬ 
tency of coal quality has already been referred to. 
Further, most American coals are supplied to the 
generating station as lump or run of mine," free 
from duff and smalls, and the subsequ'ent crushing and 
handling is designed to deliver a uniformly graded pro¬ 
duct which, it is considered, is of special benefit to both 
stoker and pulverized-fuel equipment. 

The development of the large boiler unit has assisted 
in the determination of the t 5 qDe of applicable com¬ 
bustion equipment. The chain-grate t^e of stoker 
becomes uneconomical from a first-cost point of view, 
and also meets structural difficulties compared with 
pulverized-fuel firing, when considered for boiler unite 
having a greater evaporation than 200 000 lb. per hour. 
The serious rival to pulverized-fuel firing is the retort 
or cascade type of stoker, and it is considered by respon¬ 
sible American engineers that this type of equipment 
can be developed to form an efficient alternative for 
large boiler units. 

The trend in development in pulverized-fuel equip¬ 
ment is towards the unit system. This is reflected in 
the returns for 1930, which show that the number of 
unit-system pulverized-fuel-fired stations under con¬ 
struction was three times that of stations designed for 
operation on the central system. The published data 
of the operating results of both systems show that equal 
performances can be obtained with either, but with 
capital charges slightly favouring the unit system. 

Figs. 1 and 2 show cross-sections of typical modern 
American boiler units. 

British practice in boiler plant development during 
the last few years, though not so ambitious as. that in 
America or so productive of superlative thermal results, 
has, nevertheless, been worthy of note. 

The most, outstanding feature in boiler plant design in 
this country is the development of combustion equip¬ 
ment, particularly in relation to mechanical stokers. 

The introduction of pulverized-fuel firing occurred at 
a time when there was a growing demand for an increase 
in boiler unit capacity and rating. The mechanical 
stoker equipment available at that time placed a defi¬ 
nite limit on the development of boiler unit capacity, 
and for a period the adoption of pulverized-fuel firing 
met with considerable favour, since it gave unrestricted 
scope to the boiler designer. The impetus thus given 
to mechanical stoker design to meet this competition is 
reflected in the greatly improved performance of this 
type of equipment. 

Two t 5 ^es of mechanical stoker are in use, namely 


644 


BWCE: MODERN 

—- 

the travelling grate and the cascade or retort type. 
The former has reached a stage of development which 
permits its adoption for boiler units uj^ to 250 000 to 
300 000 lb. per hour. The first cost 6| the modem 



Fig. 1. —Cross-section of boiler unit (Edgar station, Edison 
Electric Illuminating Co., Boston). 


than direct ratio to the increase in size. This increase 
in cost is the result of more than capacity increase. 
Stoker desi^ers had an additional problem to solve by 
the rapid adoption of preheated air for combustion. 
Further, the demand for higher combustion ef&ciency 
necessitated greater attention to detail in construction, 
particularly in the design of the travelling grate sur- 
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face, the distribution of air to the fire bed and the lay¬ 
out and arrangement of controls. Stokers of this 
modern type are in service and operating up to com¬ 
bustion rates of 70 to 80 lb. per sq. ft. of grate area. 
Many difficulties in the application of preheated air to 
travelling-grate stokers have been met, and the maxi¬ 
mum air temperature that can be satisfactorily designed 
for, when burning the average steam-raising bituminous 
rough slack coals, is in the neighbourhood of 350® F. 
The question of preheated air temperature and its effect 
on combustion and on the behaviour of the stoker in 
practice is dealt with in greater detail at a later stage in 
the paper. 

The development of the retort type of stoker in this 
country has not been on such an extensive scale, but its 
adoption for a number of the boiler plants in the stations 
^ pf the London Power Co. is significant, and it is hoped 
tbiat the discussion on this paper will include a record of 
thfe, performance of these stokers. About twenty years 
ago this stoker found considerable favour with power- 
station engineers in Britain, but in service it was found 
that smoke prevention required critical control, and 
satisfactory performance was limited to certain coals. 
Since tliat period, however, the retort stoker has been 
improved out of all recognition, and if it can be developed 
in the future to operate successfully over a wide range of 
coals and with high preheated air temperatures, it will 
be the only rival to pulverized-fuel systems for the 
combustion equipment of the large boiler unit. 

From a study of statistics relating to power''^19rtffl? 
or extensions in course of erection or in their first year 
of operation, it will be found that the majority of the 
boiler plants are arranged for stoker firing. The natural 
conclusion arrived at is that the adoption of pulverized- 
fuel systems has received a set-back. 

Ten years ago the design and operation of pulverized- 
fuel equipment on a large scale was a little-known art in 
this country. Its introduction was heralded as the 
dawn of a new era. Manufacture of plant for this so- 
called new type of combustion equipment was under¬ 
taken by firms who knew little of their subject, and, 
when erected, the operation of this plant was in the 
hands of engineers who knew no more. These facts, 
coupled with the problem of dust emission from stacks, 
are the cause of the present-day position. In this 
country, representative pulverized-fuel-fired power sta¬ 
tions of a capacity comparable with the pulverized-fuel- 
fired American stations included in Table 1 are few, and 
are represented by 160 000 kW of the boiler plant 
capacity at the Barking station of the County of Lon¬ 
don Electric Supply Co. (bin-and-feeder system), the 
Hams Hall station of the Birmingham Corporation 
Electricity Department (unit system) and the Brims- 
down station of the North Metropolitan Electric Power 
Supply Co. (central system). 

Development in the individual capacity of boiler 
units has been conservative. Ten years ago the lay¬ 
out design of combined boiler and turbine plant usually 
allowed for four boiler units per turbine unit, three 
boiler units being capable of steaming the normal load 
with one unit spare. To-day the same arrangement is 
the. generally accepted practice. Turbine units/ have 
increased in capacity by about three times, and the 
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general increase in capacity of boiler units has been in 
similar proportion, thus retaining three boiler units to 
operate the turbine unit, with one boiler as spare. The 
present-day position, bearing in mind the fact that 
pulverized-fuel firing is temporarily out of favour and 


necessity for research and experimental work on the 
design of this boiler plant component. It is the author's 
opinion that, having decided the type of combustion 
equipment to be employed, the combustion chamber 
design should be first determined and the evaporative 



Fig. 2.—Cross-section of 1 000 000-lb.-per-hour boiler unit (East River station, New York Edison Co.). 


that retort stoker development is not yet of an exten¬ 
sive character, indicates that the constructional prob¬ 
lems of large travelling-grate stoker design will limit the 
capacity of boiler units in the immediate future to a 
maximum of 300 000 lb. per hour. 

Combustion equipment development has shown the 
need for larger combustion chamber volumes and the 


components considered and arranged in dependent 
relation to this design. 

Increase in combustion efficiency and''the utilization 
of higher preheated air temperatures brought fresh 
problems to the combustion c|(amber designer. Walls 
of solid refra.ctory vrerq standard practice. Experience 
during the development of pulverized-fuel burner equip- 
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ment, from the early long-flame burner to the short- 
flame turbulent , burner, showed the necessity for definite 
limits to the rates of heat release per unit volume of 
combustion chamber. Similarly, the same necessity 
was indicated during the. development of stoker plant. 
Rapid deterioration of refractory was a problem to 
which considerable research was devoted. The result 
was the production of higher-grade material and the 
introduction of the air-cooled wall. Further develop¬ 
ment resulted in the introduction of water-cooling and 
the elimination of refractory,, and the position to-day is 
that, with certain arrangements of pulverized-fuel firing 
adapted to a boiler unit of particular design and utilizing 
high preheated air temperature, the refractory can be 
entirely eliminated. On the other hand, where the 
design necessitates the partial use of refractory material 
it is possible to water-cool the whole of the combustion 
chamber, including the arches, by means of wall water 
tubes, and where required these can be encased in 
shaped refractory blocks. 

Increase in boiler plant operating steam pressures is 
partly the result of the development in turbine design. 
The adoption of very high pressures for commercial 
purposes has been limited to one or two installations, 
notably the boiler plant of Imperial Chemical Industries 
at Billingham and the extensions to the power station 
plant of the Bradford Corporation Electricity Department. 

Temporary stabilization of design is at present centred 
around 650 lb. per sq. in. (gauge). 

Development in the application of higher steam tem¬ 
perature is limited, for reasons already stated, to a 
maximum of 850®:F. 

THERMAL EFFICIENCY, 

The criterion of boiler plant performance is the overall 
cost of steam production, and the principal factors 
governing this are capital and operation costs, reliability, 
and the maintenance of high thermal efficiency. The 
cost of steam production is the overall cost of generat¬ 
ing and delivering steam at the turbine stop-valves, and 
is made up of capital charges, operating costs of boiler 
plant and coal- and ash-handling plant, repairs and 
maintenance costs, including costs of renewal material 
and supervision charges. 

The definition of overall thermal efficiency cannot be 
so simply set put, and from a consideration of the pub¬ 
lished thermal figures for various boiler plants it would 
appear that there is a considerable amount of confusion 
as to the meaning of this term. The thermal efficiency 
of an individual bofler is defined by the Institution of 
Civfl Engineers' code. It will be generaUy agreed that 
the oyerah efficiency should be debited with all banking 
and lighting-up losses, and, it can be argued, it should 
alsQ be debited with all range heat and water losses 
incurred between the boiler stop^^ the turbine 

stop-valves and from the final bled steam feed-water 
heater to the ecPh boiler drum check valves. 

This leaves., idl lea and water losses from the 

turbine and feed-water heater train to be debited against 
the turb^e. The value of these losses is n^Hgible com- 
p^ed with the main range losses, and it is suggested 
that the total of all these losses, usually referred to as 


radiation and make-up water losses, should be debited 
against the boiler plant, unless they can be readily 
measured and allocated. The whole question resolves 
itself into a decision as to where the boiler plant begins 
and ends, and from this argument it will be seen that 
the author suggests:—^from the last bled steam feed- 
water heater, round the boiler cycle, and back to the 
turbine stop-valve. It is understood, of course, that all 
losses incurred as a result of steam soot-blower opera¬ 
tion and blowing-down of boilers should be debited 
against the boiler plant. 

At the other end of the cycle there are discrepancies 
in the methods of calculating the coal vreight to be used 
in efficiency formulse. For individual boiler tests it is 
correct to use the coal weight as supplied to the unit on 
test. For overall purposes, however, there are certain 
factors to be considered. The whole of the coal¬ 
handling plant is part of the steam generating equip¬ 
ment, and losses incurred between either rail-borne or 
sea-borne deliveries and the boiler plant bunkers should 
be debited against the efficiency. For example, windage 
losses on an exposed plant handling small, dry coal can 
be considerable. Summing up, at this stage it is seen 
that overall boiler plant efficiency would be 

HxW 

rj = —-— X 100 


'q = overall efficiency, per cent, 
i? = total heat, B.Th.U. per lb., in steam at turbine 
stop-valve, minus heat in feed water, B.Th.U. 
per lb. at final h.p. bled-steam feed-water 
heater. 

W — weight of steam in lb. supplied to main and 
house turbines divided by the total invoiced 
coal weight in lb., corrected for coal in stock. 
O = calorific value of coal as received, B.Th.U. per 
lb. gross.- 

The author considers that the boiler plant overall 
efficiency should be further debited with its share of 
station auxiliary power, and should include all coal¬ 
handling and ash-disposal plant. Where electrically- 
driven aucfdliaries are employed and the consumption of 
each section of the station metered, the allocation is 
simple, but if this is not the case the allocation can be 
approximated if each item of equipment is provided 
with ammeters. Where steam-driven auxiliaries are 
employed the case is not so simple, but it is not very 
complicated. 

Steam-driven boiler feed pumps, if considered as a 
boiler plant auxiliary, are correctly taken care of by the 
foregoing formula. Steam-driven turbine auxiliaries 
would, owing to the expense of individual metering, be 
credited to the boiler plant and debited against the 
turbine by calculation. 

In the following remarks setting out the thermal per¬ 
formances of representative British power station boiler 

plants no attempt is made to draw comparisons. In 
fact, it will be obvious to most that it is impossible to 
consider any aspect of perfornciance between one p^^ 
and another on a comparable basis. 

Throughout this paper reference is made to the per- 
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formance of a large representative British pulverized- 
fuel-fired boiler plant constructed in 1927 and put into 
service in that and the ensuing year. The plant con¬ 
sists of 10 boiler units, each having a normal rating of 
135 000 lb. per hour at 375 lb. per sq. in. (gauge) steam 
pressure and 725° F. total steam temperature, with 
feed water supplied at 260° F. at the economizer inlet. 
The boiler unit assembly comprises gilled-tube econo¬ 
mizers and plate-type air heaters. The coal-preparation 
plant and combustion equipment is a modified bin-and- 
feeder system. Each boiler unit has its own coal-pre¬ 
paration plant, but a system of screw conveyors from 
the cyclone outlets interconnects the complete installa¬ 
tion. The burner equipment consists of rotary feeder 
gear and ten fishtail straight-shot burners on each boiler 
unit. Each combustion chamber is water-cooled by fin 
tubes on three sides, which, together with the water- 
cooled tubular ash screen and the generating tubes of 
the boiler unit proper, give a cold fraction of five- 
sixths. 

Fig. 3 shows a cross-section of a boiler unit of this 
installation. 

Thermal performance in the early days of the opera¬ 
tion of this plant is represented by the data set out in 
Table 2. 


Table 2. 

Test on No. 15 Boiler Unit. 

Date test started .. .. 2.55 p.m. May 13, 1929 

Date test finished .. .. 7.11 p.m.. May 17, 1929 

Duration of test .... 100 hours 16 minutes 

Load on boiler unit .. .. normal, 135 000 Ib./hour 

Water. 


Total of 1-minute readings of Kent 


test meter .... .. .. 

13 692 583 lb. 

Total of 1-minute readings of Kent 
test meter (corrected for tempera¬ 
ture) .. 

13 725 445 lb. 

Total of 1-minute readings of Kent 
test meter (corrected for meter 
error) .. .. .. . 

13 657 158 lb. 

Average actual evaporation per hour 

136 231 lb. 

Average temperature entering 
economizer 

250° F. 

Avei age temperature leaving 

economizer .. .. 

300° F. 


Steam [continued ). 

Total heat in feed water 
above 32° F. .. .. 218 B.Th.U./lb. 

Total heat added in boiler, 
economizer and super¬ 
heater . 1 163 B.Th.U./lb. 

Total heat added per lb. of 
coal .^ 9 763 B.Th.U. 

Coal. 

Quality .. .. Northumberland rough slacks 

Total coal weighed entering mill .. 1 627 008 lb. 

Average coal weighed entering mill 

per hour. 16 229 lb. 

Pyrites extracted from mill (total).. 7 351 lb. 


Average Analysis of ^Arhour Samples determined hy 
Independent Analyst. 



As fired. 

As dried, 

Moisture 

percent 

per cent 

8*26 

nil 

Carbon 

59*84 

65*23 

Hydrogen 

4*27 

4*65 

Sulphur 

1*87 

2*04 

Nitrogen . 

1*15 

1*25 

Oxygen, etc. .. 

8*97 

9*78 

Ash. 

15*64 

17*05 

Calorific value, B.Th.U./lb. (gross) 

11 136 

12 137 

Calorific value, B.Th.U./lb. (net) .. 

10 624 


Gas. 

Average temperature leaving boiler 

591° F. 


Average temperature leaving 

economizer ., 

395° F. 


Average temperature leaving air 
heater .. .. , 

259° F. 



Average COg content at boiler exit 
Average COg content at economizer 
exit .. .. .. 

Average COg content at air heater 
exit .. .. 

Average Og content at air heater exit 
Average Ng content at air heater exit 

Air. 

Average temperature entering air heater 
Average temperature leaving air heater . 


14* 9 per cent 

13‘9 per cent 

13*3 per cent 
5*6 per cent 
81*1 per cent 


108° 

303° 


F. 

F. 


Actual evaporation per lb. of coal . . 8 *394 lb. 

Equivalent evaporation per lb. of 
coal from and at 212° F. .. 11*98 lb. 

Equivalent evaporation per lb. of 
coal from and at 212° F. per 
10 OOO B.Th.U. in coal .. .. 10*73 lb. 

Steam. 

Steam pressure in boiler drum 398 Ib./sq. in. (gauge) 
Ste^ pressure at super¬ 
heater outlet .. .. 390 Ib./sq. in: (gauge) 

Steamtemperatureatsuper- 
i heater outlet .. .. 724® F. 

Total heat in steam .. l 381 B.Th.U./lb. 


Gas and Air Pressures. 

Gas pressure in combustion 
chamber .. .. ,, — 0* 14 in. of water gauge 

Gas pressure at boiler outlet — 0 * 65 in. of water gauge 
Gas pressure at economizer 
outlet .. .. .. — 1 *10 in. of water gauge 

Gas pressure at air heater 
outlet .. . i — 3* 10 in. of water gauge 

Air pressure in forced-draft 
ducts .. .. . . -f 0*8 in. of water gauge 

Air pressure in secondary air 
ducts . . .. 0 • 5 in. of water gauge 

Air pressure in primary air 
ducts . . . . • * + 13 *5 in. of water gauge 
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Heat Balance. 

B.Th.U. 

Per cent 

Heat added in combined unit 

.. 9 763 

87-67 

Heat lost in dry flue gases .. 

405 

3-64 

Heat lost to moisture formed from Ho 422 

3-79 

Heat lost to moisture in coal 

90 

0-81 

Heat lost to combustible in ash 

147 

1-32 

Heat lost to radiation and unac- 


counted for 

309 

2-77 


11 136 

100-00 

Efficiency of unit on gross calorific 


value as fired 

87- 

67 per cent 

Efficiency of unit on net calorific 


value as fired 

Heat release per cubic foot of 

91- 

95 per cent 

combustion chamber 

15 575 B.Th.U./hour 

Power Consumption of Auxiliaries. 


(1) Boiler Unit. 

kW 

Total kWh for 
test period 

Forced-draught fan .. 

22-41 

2 244-9 

Induced-draught fan, A 

41-58 

4 165-0 

Induced-draught fan, B 

41-60 

4 166-6 

Primary air fan 

30-89 

3 094-4 

Burner feeder motor 

1-73 

173-0 

Total .. 

138-21 

13 843-9 

(2) Coal-Preparation Plant. 
Mill. 

161-30 

8 272-80 

Exhauster .. 

94-00 

4 780-70 

Mill feeders and rotary air lock 

0-73 

37-35 

Total. 

256-03 

13 090-85 


Coal-preparation plant running hours, 51 hours 5 minutes 
Power consumption per ton of coal milled 18 kWh 
Gas temperatures in mill system (coal 
drying in mill) .. .. .. .. 

Average temperature of gas bled from boiler 698° F. 
Average temperature of gas and air at mill 
inlet .. .. .. .. .. 280° F. 

Average temperature of gas and air at mill 
outlet .. ... .. ,. .. 143° F. 

A year later, test data, over a period of approximately 
100 hours, were again tabulated for the same boiler 
unit, and the results obtained are set out in Table 3. 

Table 3. 

Test on No. 16 Boiler Unit. 

Date test started .. .. February 26, 1930 

Date test finished .. .. March 1, 1930 

Duration of test .. .. 98 hours, 15 minutes 

Load on boiler unit .. .. normal, 135 000 Ib./hour 

Coal. 

Quality .. Good quality slack, soft and friable 
Total coal measured .. .. 1 286 987 lb. 

Pyrites extracted .. .. . . 7051b. 

Actual coal consumed .. .. 1286 282 1b. 

Average coal consumed per hour .. 13 092 lb. 


Analysis:— 


As fired, 
per cent 

As dried, 
per cent 

Moisture (total) 

.. 

3-33 

nil 

Volatile matter 

.. .. 

25-03 

25-89 

Fixed carbon 

.. 

68-18 

60-19 

Ash .. 

.. 

13-46 

13-92 

Total 

.. 

100-00 

100-00 

Moisture (total) 


Per cent 

3-33 


Carbon 


69-87 


Hydrogen 


4-43 


Sulphur 


2-66 


Oxygen, etc. .. 


6-25 


Ash .. 


13-46 


Total .. 

.. 

100-00 


Calorific value. 

B.Th.U./lb. 



(gross) 

.. 

12 930- 

13 370 

Calorific value, 
(net) 

B.Th.U./lb. 

12 474 

. 


Water. 

Average evaporation per hour .. .. 134 600 lb. 

(Temperature and meter corrections applied) 
Average temperature of water entering 
economizer .. .. .. .. 264° F. 

Actual evaporation per lb. of coal consumed 10 • 2 8 lb. 

Steam. 

Average boiler pressure .. 373 Ib./sq. in. (gauge) 

Average steam temperature 
at superheater outlet .. 711® F. 

Total heat in steam at super¬ 
heater outlet .. .. 1 370 B.Th.U./lb. 

Total heat added in boiler, 
superheater and economizer 1 138 B.Th.U./lb. 

Air and Gases. 

Average temperature of air enter¬ 
ing air heater .. .. .. 110° F. 

Average temperature of gases leav¬ 
ing air heater . 260° F, 

Average COg content of gases leaving 

air heater.13-5 per cent 

Average Og content of gases leaving 
air heater .. .. .. .. 5-2 per cent 

Average CO content of gases leaving 
air heater .... .. .. nil 

Average Ng content of gases leaving 

air heater .. .. .. .. 81 *3 per cent 


Heat balance. B.Th.U. Percent 

Heat added in combined unit 11 698 90 -47 

Heat lost in dry flue gases .. 472 3-65 

Heat lost in moisture formed 
fromHg .. .. .. 437 3-38 

Heat lost in moisture in coal 36 0-28 

Heat lost in combustible in ash 29 0*22 

Heat lost in radiation and 
unaccounted for .. .. 258 2-00 

Total .. .. .. 12 930 100-00 
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Heat Balance^ 

Efficiency of unit on gross 
calorific value as fired .. 90-47 per cent 

Efficiency of unit on net 
calorific value as fired ,. 93-75 per cent. 

Heat release per cubic foot of 
combustion chamber .. 14 750 B.Th.U./hour 

Power Consumption of Auxiliaries, 


(1) Boiler Unit, 

Forced-draught fan .. 

kW 

37-5 

kWh 

3 684-4 

Induced-draught fan, A 

33-5 

3 289-2 

Induced-draught fan, B 

33*7 

3 312-8 

Primary air fan .... 

40-7 

4 000-0 

Burner feeder motor 

1-9 

176-0 

Total .. 

147-3 

14 462-4 

(2) Coal-Preparation Plant, 

Mai. 

114-3 

3 691-2 

Exhauster .. 

100-0 

3 233-8 

Rotary air lock and mill 

feeders .. .. .. 

1*1 

34-6 

Total .. 

216-4 

6 969-6 


Coal-preparation plant run¬ 
ning hours 

Power consumption per ton 
of coal milled .. .. 


260® F. 


32 hours 15 minutes 
12-1 kWh 


The operating period during which the foregoing data 
were obtained has been referred to as a test, but it was 
not a t^t in the usually accepted meaning of the word. 

unit was operated by the ordinary shift firemen 
throughout, and beyond the fact that no fluctuations of 
load were accepted on this unit operation was of the 
ordinary routine nature. The measurements for the 
tabulation of results were, of course, made with test 
instruments and special obseirvers. 

Theraal performance figures produced under “ test 
conditions " are not always a criterion of what the plant 
performance will be over long periods of operation. In 
fact, no thermal figures are of much value for com- 
mer^l purposes unless they represent a period suffi¬ 
ciently long to show the effect of operating conditions. 
m^tenaoTO, changes in fuel quality, the general wear 
and tear of service, and the varying ability of the avail¬ 
able class of operating labour. The figures set out in 
Table 4 are therefore of value, since they record the 

pnnapal operating statistics of the pulverized-fuel boiler 
plant referred to for the year 1930. 

The boiler plant referred to is only one section of the 
complete st^-generating plant, and since the steam 
ranges, receivers, etc., axe common to the whole plant 
sep^te meMurement of the make-up losses cannot be 

separate measure- 

ment IS not m^e of auxiliary power, but from collected 
y^i^es cai^be approximated by estimation. 
AEocatir^ the proportion of these losses against the 
above, efficiency figure, the oyeraU boffer-h^nuse effi- 


ciency for the year is in the close neighbourhood of 
85 per cent. 

It is hoped that the discussion on this paper will be 
productive of further thermal performance data relative 
to other pulverized-fuel installations in this country, 
and covering long periods of operation. 

One of the most representative stoker-fired installa¬ 
tions in this country is the boiler plant of the Deptford 
West power station of the London Power Co. Ltd. A 
full description of this plant is contained in a paper 
read before the Institution of Civil Engineers,' 14th April, 
1931, and the author has taken the liberty of quoting 
from that paper figures relative to the Deptford West 
boiler plant. 

Table 4. 

Operation Statistics of Pulverized-fueUfired Boiler House 
referred to, for year 1930. 

Total coal consumed for all 

purposes. 292 088 tons 

Total water evaporated .. 5 300 000 000 lb. 

Average steam pressure at 
boiler .. .. ., 3go Ib./sq. in. (gauge) 

Average steam temperature 
at superheaters .. .. 715° F. 

Average feed-water tempera¬ 
ture at h.p. bled-steam 
heaters .. .. .. 260° F. 

Average calorific value of coal 
^ fired .. .. .. 10 700 B.Th.U./lb. (gross) 

Boiler plant thermal efficiency 88 - 8 per cent 

In Appendix VI of that paper are given t3q>ical thermal 
test-results of boiler units equipped with travelling-grate 
I or retort-tjrpe stokers. The data refer to units having 
normal evaporation rates of from 76 000 to 100 000 lb 
per hour at a steam pressure of 376 lb. per sq. in. (gauge) 
and a total steam temperature of from 750° F. to 780° F. 
The principal results of the series of tests referred to 

have been extoacted and are set out in this paper in 
Table 5. r r 

Appendix VIII of the same paper tabulates the 
station operating results for 1930 and also for the last 
qu^er of that yeax, and the items referring to the 
boiler plant operation are set out here in Table 6 
The generating stations of the Lancashire Electric 
Power Co. have, in recent years, received a considerable 
amount of prominence as a result of their salient 
features, low capital cost per kW installed, and the out- 
f stodmg superiority of the thermal results obtained. 
The boiler plant of the Keaxsley station of that com¬ 
pany is representative of simple, straightforward British 
practi^.^ The boiler units axe equipped with travelling- 
^te stokem of very generous design. Similar generosity 
IS reflerted m the allocation of heating surfaces, with tS 
result^that under normal load conditions each com- 
ponrakof the boiler plant is operating well within its 
capabilities. 

Tlm ^er^ion results of the boiler piant of the Keaxs- 
y®®^T930 axe set out in Table 7 
^e foregoing examples of thermal peiformanci are 
sufficient to ^ow the results commercially attainable 
over long periods with our present-day designs, and the 
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Table 5. 


Boiler Test Results.^ 


Type of boiler .. . 

Small sectional cross-tube 
marine type 

Small vertical bent-tube type 

Large sectional cross-tube 
marine type 

Boiler rating .. 

Normal 

Maximum 

Normal 

Maximum 

Normal 

Maximum 

evaporation 

continuous 

evaporation 

continuous 

evaporation 

continuous 


rating 

rating 

rating 

rating 

rating 

rating 

Class of coal .. 

Scotch 

Scotch 

Scotch 

Scotch 

Washed 

Washed 


washed peas 

washed peas 

washed peas 

washed peas 
and singles 

smalls 

smalls 

Gross calorific value of coal as fired. 

11288 

11249 

11 558 

10 941 

11278 

11 342 

B.Th.U./lb. 







Lb. of coal, burnt per sq. ft. of grate 

. 23*68 

30*60 

36*20t 

51*07t 

21*40 

28*70 

per hour 







Hot-air temperature to grate, ° F. .. 

248 

261 

224 

265 

218 

233 

Heat energy release in combustion 

28 437 

36 732 1 

18 535 

24= 700 

23 938 

32 311 

chamber, B.Th.U./cub.ft./hour 







Heat absorbed by boiler plant (gross 

87-51 

86-27 

86*43 

85*86 

87*73 

85*97 

boiler efficiency, per cent) 





3*10 


Heat lost in dry flue gases, per cent 

3*75 

4*01 

4*13 

5*84 

3*48 

Heat lost in evaporating moisture in 

1*28 

1*36 

1*30 

1*74 

1*52 

1*54 

coal, per cent 







Heat lost in evaporating moisture 
due to Hg, per cent 

3*71 

3*70 

3*61 

3*84 

3*67 

3*78 

Loss due to combustible matter in 

0*62 

0*86 

0*42 

0*31 

0*56 

1*13 

ash, per cent 







Radiation and losses unaccounted for, 
per cent 

3*13 

3*80 

4*11 

2*41 

3*42 

4*10 

Total 

■ 

100*00 

100*00 

100*00 

100*00 

100*00 

100*00 

Equivalent power absorbed by 

1*35 

1*49 

0*89 

1*10 

1*61 

2*03 

auxiliaries 







Net boiler efficiency, per cent 

86*16 

84*78 

85*54 

84*76 

86*12 

83*94 


figures are of further interest since the fuels used are 
drawn from separate coalfields. To repeat what is 
possibly a platitude, it is apparent that in boiler plant 
design we have reached the upper limit of attainable 
efSciency if we except the further small gain available 
if and when the utilization of high preheated air tem¬ 
peratures becomes commercially practicable. 

operation; COSTS. 

Thermal-efficiency statistics can only have an aca¬ 
demic interest unless they are accompanied by an ana¬ 
lytical statement of the cost involved. 
neglecting standing charges, is composed of two principal 
items, viz. operation costs and repairs and maintenance 
costs. Of these two, the latter is the more important 
and is liable to assume uneconomic proportions. 

In Table 8 is given an analysis of the repairs and 
maintenance costs (labour, supervision and material) of 

♦ Extracted from “TThe Deptford West Power Station of The London Power 
Co. Ltd.,** paper by C. S. Berry, H. P. Gaze and C. E. H* Verity, read before 
the Institution of Civil Engineers 14th April, 19S1. 
t On net area of retort stoker, excluding ashpit. 


Table 6. 


Operation Returns,% 


Total coal burnt, tons 

4th Quarter 
1930 

39 752 

Year 

1930 

144 901 

Total coke burnt, tons 

8 258 

19 357 

Fuel used for banking and lighting-up, 
tons .. .. .. .. 

783 

2 967 

Average gross calorific value at 
boilers, B.Th.U./lb. 

11 270 

11232 

Average steam pressure at boilers, 
Ib./sq. in (gauge) .. .. .. 

380 

378 

Average steam temperature at 
boilers, ® F. .. . . 

775 

769 

Average water temperature at econo¬ 
mizer inlet, ® F. -. • • 

236 

234 

Boiler efificiency, per cent 

82*53 

82*37 

Net running boiler efficiency, less 
banking, per cent . . . . . . 

83*90 

83*87 


1 Extracted from “The Deptford West Power Station of The London Power 
Co. Ltd.,’ * loo, cit. 
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Plant previously referred to, in rela- 
•■Jlst I>ecember months ending 

" as one of th^' V-®* previously stated, this plant 
larse scale to pulverized-fuel installations on a 

plant has been commission in this country. The 
anti much h-i® ni ®®rvice continuously for three years, 

oi the coal-preparation plant lent itself to 

Hn-i'- Table 7. 

" fi^iisHcs. for the Year ended December 31, 

Pote^e>■ Electric Power Co., Kearsley 

Ti>tal weight of coal burnt 
« lf«s.s and quality 

Analy.sis (on dry basis)-_ 

Volatile matter 
I'ixcci C0Lirl>oTi 
A.S.I 1 , ^ 
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67 907 tons 
Lancashire washed slack 

Per cent 

33‘34 
68-29 
8-37 


Total 


Moisture 


value as fired 


< aloi ific 
is^ross) 

«oiuJjnstiblc in aslies 

pressure (boiler drum) 
Sti-;irn temperature (boiler 
slop-valve) 

- water teirxperature 
r ntering economizers .. 
Mue gas temperature leav¬ 
ing iiir heater 

Tot il l weight of water 
evafjorated 

Water evsiporated per lb. of 
eoal .. 

15oik*r-hoiise efficiency 


.. 100-00 

10-32 per cent 

12 160 B.Th.U./lb. 
5-59 per cent 
316 Ib./sq. in. (gauge) 

697® F. 

196® F. 

234® F. 

1 294 960 000 lb. 

8 -513 lb. 

84-10 per cent 


Table 8. 

Aui-dysis of JPidverijsed-Fwl Boiler Plant, Repairs and 
Mainte^nance Costs, 1930. 

Ca#al consumed . . - . .. 


Boiler rejiairs . . . . . 

FurII ace brickwork repairs 
Mills, exhau.ster, etc., repairs 
Burners, fans, etc., repairs . 
Screw'conveyors ^ . - 

Ash removal plant . . 

Total - . 


105 510 tons 

Bence per ton 
of coal 

3- 12 
1-64 
9-30 

4- 93 
0-30 
0-30 


19-59d. 


considerable improvement, and the cost of this improve- 
nient itKpki.ins—^andl is reflected in—^the high costs 
itemized a.gainst mills, exhausters, burners, fans, etc. 
It sliotikl be explained that this latter item includes 
repairs and maintenance of the boiler-unit main fans. The 
mdiiced--draught fans, of which there are two per boiler, 
are instelled before the grit arrestors, and, in conse¬ 


quence, repairs to the fan runners and casings form an 
appreciable item. As a matter of interest, the life of 
these fan runners is consistently between 6 000 and 7 000 
hours. 

Deducting the cost of repairs and renewals to the 
induced-draught fans, the maintenance costs of the coal- 
preparation plant alone are 12-48d. per ton of coal. 

Table 9 gives repairs and maintenance costs of the 
coal-preparation plant obtained in the early part of the 
present year and shows the results of the improved 
performance. 

The boiler plant of the Hams Hall generating station 
of the City of Birmingham Electric Supply Department 
is typical of recent design employing pulverized-fuel 
firing on the unit system, and the repairs and main¬ 
tenance costs of this plant are given in Table 10. 

Further figures relating to coal-preparation plant 
charges in connection with pulverized-fuel equipment 
will be discussed later. 


Table 9. 

Coal consumed. 124 426 tons 

Pence per ton 

Mills, exhausters, cyclones, etc. .. .. 4-160* 

Burners, feeders, ducts, coal-preparation fans, 

^ .1-026 

Screw conveyors .. .. .. ,, 0 - 620t 


Total 


5-805d. 


Table 10. 

Boiler-House Statistics of the Hams Hall Power Station of 
the City of Birmingham Electric Supply Department. 

Cost per ton 

Boilers and air heaters, of fuel burnt 

Labour and material maintenance, including 
boiler and air heater cleaning, preparing for 
survey and incidental expenses .. .. 2-53 

Pans (forced- and induced-draught), ducting, 
etc. 

Labour and material maintenance 


0-24 


Purnace brickwork. 

Still under maintenance 

Coal-preparation plant. 
Labour maintenance .. . , 

Material 

Operating wages, oil and grease 


0-485 

1-100 

1-960 


Total coal-preparation plant charges 3 • 545d. 

Operation costs for large stoker-fired boiler units are 
fairly well known owing to the longer period of operation 
and much wider adoption of this type of plant. The 
figures in Table 11 will, however, be of interest since 
they represent the boiler-house costs over a long period 

• Includes renewal of bullrings and rollers, which are stm In useful life 

ind en<Si“ilS>’^il*t:ioc]« 
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of one of the largest stoker-fired power station boiler 
plants in this country. 

Table 11. 

Maintenance Costs per Ton of Coal burnt for Power Station ' 


Boiler Plant equipped with Travelling-Grate 

Stokers. 

Pence 

Boilers, economizers and air heaters 

Induced- and forced-draught fans, ducting, 

5-33 

etc. 

0-01 

Stoker repairs .. 

5*46 

Furnace brickwork 

5*53 

Total .. .. .. .. 

16-32(1. 


Coal consumed during period covered 

by above costs .. .. .. 622 331 tons 

Overall thermal efficiency, based on 
gross calorific value of coal as 
weighed, during period covered by 
above costs .. .. .. .. 79-41 per cent 


RELIABILITY. 

Reliability of existing designs of boiler plant is a 
subject seldom discussed publicly and in detail. It is a 
factor in boiler-house practice equally important as, if 
not more important than, thermal efficiency. The 
reliability of the large modern turbo-alternator and its 
auxiliaries has reached a degree far in advance of that 
inherent to the modern boiler unit. Investigation as 
to the reason for this points to the fact that one 
factor is lack of attention to detail in design and con¬ 
struction, coupled, in many instances, unfortunately, 
with an attempt to design and build a plant down to a 
price rather than up to a definite specification. 

Some years ago, before our knowledge of boiler-water 
treatment for high-pressure conditions was as extensive 
as it is to-day, it was customary to limit the steaming 
periods of boiler units to enable examinations to be 
made of the internal surfaces. To-day that necessity 
does not arise. Where make-up water is a carefully 
prepared distillate, condenser leakage kept at a mini¬ 
mum, de-aeration properly effected, and the boiler- 
water conditioning for alkalinity and embrittlement 
inhibition competently supervised it should only be 
necessary to open a boiler unit for internal examination 
once a year, that is, when laid out of service for annual 
survey and overhaul. 

The various components which together form the 
modern boiler unit are simple pieces of engineering 
apparatus, and individually are as reliable as turbo¬ 
alternator plant. The modem demand for high ratings 
per square foot of heating surface, high rates of heat 
liberation per square foot of grate area or per cubic foot 
of combustion chamber volume, resulting in excessive 
fan-power values and high-velocity gases, are further 
factors adversely affecting the reliability of modem 
boiler plant to a considerable extent. 

If a plant is to be reliable in service the first necessity 
is generosity in design and a curbing of the desire for 
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excessive ratings. Generosity in design does not neces¬ 
sarily mean an increase in first cost for a given capacity. 
One of the most reliable—and, at the same time, most 
efficient—^power-station boiler plants in this country 
has heat liberation and heat transfer ratings less than 
half of what is considered “ modern '' practice, but 
nevertheless the plant referred to was built for a cost 
per kilowatt considerably less than many other stations 
with less pretentious operating records. 

The second necessity is attention to detail—^no matter 
how trivial the detail may appear on paper—^and coupled 
with this is the necessity for simplicity in lay-out and of 
operating control. 

In Table 12 is given a detailed analysis of the opera¬ 
tion of the pulverized-fuel-fired boiler plant previously 
referred to, for the year 1930. This table gives the 
actual steaming hours of each unit and also the number 
of hours lost as a result of necessary repairs, which have 
been itemized for easy reference. 

It will be noted that the majority of the hours lost 
are the result of furnace brickwork troubles and super¬ 
heater defects. “ Birdnesting'' in the first bank of 
generating tubes was the cause of further lost hours on 
three units, particularly in the case of number 15. All 
these troubles will be discussed in detail later in the 
paper. 

The number of hours lost as shown in the table is not, 
however, a full indication of the extent of boiler outage. 
For example, a compulsory outage period of 200 hours 
is not nearly so detrimental to reliability as four 60-hour 
outage periods occurring at short intervals of service. 
The data set out in Table 12 have, therefore, been 
further analysed and are set out in graphical form in 
Fig. 4. The reference letters over each outage period 
refer to the same letters against the itemized reasons for 
outage shown in Table 12. 

It should be noted that on no occasion was the pul- 
verized-fuel preparation plant or burner equipment the 
cause of any compulsory boiler outage. 

The length of the periods shown for annual survey 
and overhaul in Fig. 4 are no indication of the amount 
of work involved. This work is done, if possible, with¬ 
out incurring overtime, and as there was ample plant 
to cover the system load none of the surveys was 
hurried. 

The information given in Table 12 and Fig. 4 is all 
that the author has been able to obtain of this nature 
for boiler plants in this country. Since these figures 
only refer to one plant they cannot be said to be 
representative of the whole of present-day British 
practice. 

It was stated earlier in the paper that present-day 
American design of boiler-house plant was productive of 
long continuous operating periods, reflecting a high 
degree of reliability. In Table 13 are given the operat¬ 
ing statistics relative to the boiler units of the Waukegan 
station of the Public Service Co. of Northern Illinois. 
The units are of the cross-drum type, stoker-fired, the 
largest having a normal evaporation of 200 000 lb. per 
hour. The operating steam pressure is 636 lb. per sq. 
in. (gauge) at a total temperature of 750° F. 

The principal p^iculars of the boiler plant for No. 3 
station unit are set out below:— 
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Steam pressure 
Steam temperature .. 
Evaporation .. 
Boiler-heating surface (single¬ 
pass design) 

Water-cooled side walls 
heating surface 
Superheater heating surface 
Economizer heating surface .. 
Air-heater heating surface .. 
Grate area 
Furnace volume 


635 Ib./sq. in. (gauge) 
750° F. 

200 000 Ib./hour 

14 369 sq. ft. 

730 sq. ft. 

2 608 sq. ft. 

7 053 sq. ft. 

90 000 sq. ft. 

467 sq. ft. 

6 260 cub. ft. 


It wiU be noted from Table 13 that the adoption of 
^ter-cooled walls for the boilers of unit No. 2 reduced 
the outage period for repairs compared with unit No. 1, 
ttat the total outage periods for the boilers in unit 
JNo. 3, in which all combustion chambers are water- 


Operating steam pressure .. 250 Ib./sq. in. (gauge) 

Operating steam tempera- 
“ture .... .. 700° F. 

Heating surface of boiler .. 26 470 sq. ft. 
Water-heating surface in 
furnace, i.e. side walls, 
arches, apron walls and 
slag screen .. .. 3 014 sq. ft. 

Convection superheating 

surface. 3 520 sq. ft. 

Superheating surface in side 

■ ^alls .1 010 sq. ft. 

Air-heater heating surface 39 700 sq. ft. 

Combustion chamber volume 22 000 cub. ft. 

Combustion equipment:—Pulverized-fuel vertical firing. 

Fig. 7. shows graphically the load and service curves 
of unit No. -20, at the Colfax power station of the 


700° F. 


3 014 sq. ft. 
3 520 sq. ft. 



Fig. 4.-Boiler service, showing avaUability and outage periods. 


^led. is only about the same as that of unit 
No. 1, although the service hours are about 2i timA. 
greater. ^ 

In the Transactions of the American Society of Mechani¬ 
cal Engtneers .(1928, vol. 60, p. 83) there is a paper of 
interest relative to this subject, entitled " Some Operat- 
tqg Data of Large Steam Generating Units” bv H 
Kxeismger and T. E. Purcell. ■ ’ 

_ Date in graphical form showing the operating record 
of various large units are given, and the Uberty has been 

^en of extracting some of those data for inclusion in 
this paper. 

® l°3,d and service curves of unit No 2 

of the Ford^n plant of the Ford Motor Co. one y^ 
« ^ the boilOT was put in service-:-lst April to 30th 
September, 1927. ' 

Fig. 6 shows the load and service curves of unit No. 4 
the Fordson plant since the unit went into service— 
May to SeptembOT, 1927.:^^^^^ V 
Th^ imts. after being remodelled, were much dis- 
cu^ and familiar to most engineers. They are 
^d wat«: tube, 6-drum type, and the principal par¬ 
ticulars are as follow;— ■ pax 


Duquesne Light Co. from April 1927 to September 1927 . 
The pnncipal particulars of this unit are as follow:_ 

■ * -X ■ * X aad Wilcox cross-drum type 

Heatmg surface of boiler .. 27 fisn cr 

Water-cor.lA^ =„.-foAA x._ '' f*- 


Water-cooled surface in furnace 
Superheater heating surface 
Air-heater heating surface 
Combustion chamber volume .. 


2 104 sq. ft. 

5 657 sq. ft. 
13 000 sq. ft. 
17 050 cub. ft. 


Combustion equipment:-Pulverized-fuel vertical firing 

FACTORS IN DESIGN AFFECTING RELIABILITY 

,Tn the remarks which follow it is not intended to 
discuss in detail the underlying principles of boiler design 
Such a discussion is outside the scope of this naner 
a tlA. the attemptAi & do .?1o'SS: 

cize what appear to him—from an qperatiiig engineer’s 
pomt of view’—to be the more important aspects of the 
subject; It IS mtended to deal separately with each 
component of plant. ■ 














Table 12. — Boiler Unit Steaming and Outage Periods for 1930. 
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Water-Heating and Evaporative Parts (Boiler and 
Economizer). 

The question of materials and workmanship for the 
pressure parts of boiler units built for pressures and 
temperatures in common use calls for little comment 
since they are taken care of by regulations and speci¬ 
fications drafted to a definite code. Actual failures of 
boiler or economizer parts due to defective material are 
rare in service, and where failures have occurred the 
cause has been traced to other sources, usually feed- 
water conditioning. The same remarks concerning 


total maintenance costs. Further, this design of boiler 
plant gives a steep efficiency curve, and control is diffi¬ 
cult and critical. If high thermal results are to be 
produced over long operating periods a more highly 
skilled class of labour is necessary than that usually 
available for power-station boiler-plant operation. It is 
within the author's knowledge that plants following this 
design have only met their guarantees by being operated 
on special coal and controlled by very skilled experts 
for the 6 or 8 hours' normal load output called for under 
the conditions in the usual type of specification. 




Fig. 7.—Load and service curves of unit No. 20, Colfax power station. 


rarity of failure apply to workmanship on pressure 
parts. 

There is a tendency in modern design towards higher 
rates of evaporation per square foot of heating surface, 
which, coupled with the increasing rates of heat libera^ 
tion per square foot of grate area in the case of stoker- 
equipped units and the development of turbulent 
burners in the case of pulverized-fuel-fired units, results 
in a combined plant occupying considerably less, room 
per unit of steaming capacity than was the case a few 
years ago. A slight saving in the first cost of boiler- 
room buildings is accomplished with plant based on 
such design. This tendency in design has, hc#eve^ 
another result. It necessitates high gas velocities with 
multiple gas passes and consequent high fan power. It 
produces an increased tendency towards birdnesting " 
in the first bank of generating tubes, incurs dirtier heat¬ 
ing surfaces for a given service period and increases the 
VOL. 71. 


The existing designs of boiler unit in common use axe 
not suitable for development for high heat-transfer 
rates. High rates of heat transfer or water evapora- 
•ton per square foot of heating surface can only be 
ef&aently and, what is more important, economically 
—-efifeci^ by radiant heat. The performance of exist- 
mg designs can only be improved by the adoption of 
wa^-waUed combustion chambers and by inaTrmg the 
unrt as broad as possible so as to present the maximum 
surface of water tubes to the furnace. Further improve¬ 
ment in heat-ixansfer performance necessitates radical 
dep^e from existing forms of design, and one phase 
Of this developjuent results in practically all the boiler- 
h^img surface becoming a water-tube cage surrounding 
me furnace. Such a design has limitations, inasmuch 
that m Its present state of development it can only be 
adopted m conjunction with pulverized-fuel combustion 
equipment. 


37 






568 


BRUCE: MODERN BOILER PLAINT. 


Reliability and high thermal efficiency over long 
operating periods can be assured if, when new boiler 
plant is specified, a generous apportionment of heating 
surface is called for. Definite figures cannot be laid 
down to be applicable to all cases, since these figures 
will be influenced by the extent to which water cooling 
of the combustion chamber is employed and by the 
feed-water heating arrangements. In general, how¬ 
ever, the average rate of evaporation per square foot of 
total water-heating and evaporating surface at normal 
load should not exceed 6‘ 6 lb. per hour. If this heating 
surface is then correctly presented to a combustion 
chamber of ample and correct design it is possible to 
produce a unit having a flat or nearly flat efficiency 
characteristic between 0*80 normal load and 1*20 
normal load. This means that not only can the unit 
be operated for long periods at a thermal efficiency 
closely approaching that obtainable under test condi¬ 
tions by the average intelligent operator, but also over¬ 
load can be taken and carried without unduly forcing 
any part of the equipment. Further, it is possible to 
adopt a single—or at most a double—^gas pass arrange¬ 
ment giving low-velocity gases and a minimum of fan 
power. Also, less fly ash, etc., is carried and deposited 
in the gas passes, and, since the gas velocities can be 
kept low, grit extraction can be largely effected by 
suitable gas duct arrangements between economizer 
and air heater and before the gases reach the induced- 
draught fanSi In fact, it is the author*s opinion that 
with correctly designed stoker-fired boiler plant, includ¬ 
ing the stack design, no special apparatus for grit 
extraction should be necessary. 

. Birdnesting in the first bank of water tubes can 
prove a troublesome source of boiler outage. No defi¬ 
nite reason can be put forward as to the cause, but 
factors affecting the growth of birdnesting are the 
changes in velocity of the gases leaving the (combustion 
chamber, the fusion temperature of fly ash, distribution 
of furnace temperature, and the COg in the combustion 
chamber gases. It is becoming recognized that the 
change in gas velocity across the area mentioned should 
be gradual, and this can be accomplished by staggering 
or altering the pitch of the tubes. A development of 
this arrangement is shown in Fig, 8, where not only are 
the first, rows of tubes pitched wide vertically (the hori¬ 
zontal pitch is 8*0 in.) but the headers are flattened 
across the first four rows and. doors provided on the 
casing to facilitate local hand lancing should growth of 

birdnesting ” begin. 

Associated with boiler-heating surface is the question 
of maintenance of cleanliness over long periods, and 
every power-station boiler unit is now equipped with 
apparatus for this purpose. In the majority of cases, 
soot-blower operation, if it is to be fully effective in the 
maintenance of clean surfaces and low exit gas tem¬ 
peratures, is necessary at least three times in 24 
hours. 

The introduction of high steam pressures, necessi¬ 
tating more costly ecjuipment and the complication of 
high-ratio pressure-reducing valves for soot-blower 
services, has turned the attention of engineers to 
the question of utilizing compressed air for this 
purpose. 


Compressed air for soot-blowing on a full-size scale 
has been in operation for some time on the boiler units 
of the Columbia station of the Columbia Power Co., 
U.S.A. A full description of the results obtained from 
this equipment is contained in a paper by R. J. Mathias 
and is published by the National Electric Light Associa¬ 
tion of the United States of America (N.E.L.A.).* The 
conclusions given in that paper are that compressed air 
for soot-blowing purposes is entirely successful and 
shows a saving of 27*6 per cent of the cost of blowing 
soot with steam. Operation of the equipment is similar 
in every way to that of the steam apparatus, and main¬ 
tenance has been no heavier. The operation of the 
system has proved economical and has justified its 
installation at Columbia. 

This question of soot-blower equipment is a very 



Fig. 8.—Variation in pitch of lower boiler tubes to form an 
** anti-birdnesting " screen and flattening of headers for 
hand-lance cleaning. 

important one from the operating engineer's point of 
view, and the author feels that, in this country at any 
rate, the correct application of soot-blowing apparatus 
is a long way from finality. In many cases boiler units 
are equipped with possibly double the number of blowers 
necessary, in the hope that sheer weight of number of 
blowing positions will keep the unit clean. These 
blowers may be found with their blowing arcs arranged 
without any consideration to gas flow. From experi^ 
ence, the author recommends that all blowers should 
operate in the same direction as the gas flow. 

In the design of blower equipment for a given size of 
boiler unit there is a tendency towards meagreness, 
particularly in the size of service piping to the various 
elements, with consequent increased pressure-drop and 
reduced efficiency in cleaning. 
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Superheaters, 

The superheater is becoming more and more the most 
vulnerable section of the boiler unit. The demand for 
higher operating steam temperatures on the part of 
turbine desipers is necessitating the location of the 
superheater in a temperature zone where the tube metal 
has to operate with a very small temperature safety 
margin. At the temperatures existing in this zone the 
liability to failure due to burning, particularly during 
pressure-raising, light-load or banked conditions, is great. 
Further, the superheat temperature demanded is often 
such that tube metal temperatures of 900® F. must be 
safely carried, which means that under ordinary condi¬ 
tions of operation tube metal temperatures of 1 000® F. 


be obtained, then a radical departure must be made 
from existing forms of design, and some sort of air¬ 
cooled construction is indicated. 

Forged steam headers are becoming standard practice 
both in this country and America, and the headers are 
now usually located outside the gas passes and inner 
casing. 

The single-pass type of superheater is in the majority 
in the United States, and it is also gaining in favour in 
Britain. 

In America superheater design is concentrating on the 
development of tube metals suitable for the higher 
ranges of temperature, and, while research in this coun¬ 
try is in no way behind, tubes of special alloy steel 



Fig. 9. —Cross-section of single-pass type superheater. 


and over are likely, possibly only for short periods, but 
nevertheless with very detrimental results. This causes 
not only outer surface burning but also, owing to the 
molecular reduction of the steam, oxidation of the inner 
tube surfaces. 

In addition to the risk of failure from these causes the 
superheater designer is faced with the further problem 
involved by creep characteristics at elevated tempera¬ 
tures. The margin of temperature between safe and 
dangerous conditions is becoming so increasingly small 
that definite and separate control of superheat tempera¬ 
ture may be a necessity of design in the near future. 
This aspect of the problem is discussed in a paper by 
K. Baumann, entitled " Some Considerations Affecting 
the Future Development of the Steam Cycle.*'* 

These remarks relative to superheater pressure-part 
temperatures apply with almost equal emphasis to the 
materials and methods of support and suspension. Even 
with these increased temperatures, suspension systems 
are practically similar in design and construction to 
those employed when less arduous conditions were 
standard. The life of hangers, suspension beams, sup¬ 
ports, etc., is, in the experience of the author, very 
unsatisfactory. If reliability of these components is to 

* Proceedings of the Institution of Mechanical Engineers, 1930, vol. 2, p. 1806. 


cannot be drawn in lengths sufficient to fashion one 
complete superheater loop. 

Reports from American sources indicate that the 
majority of the superheater troubles in that country 
are due to burnt tubes, and there are also complaints of 
insufficient drainage facilities to pass sufficient steam for 
tube-cooling purposes during pressure-raising or light¬ 
load conditions. Complaints have also been reported of 
the heat and water waste, particularly on large boiler 
units, necessary for tube-cooling purposes under the 
conditions stated in the preceding paragraph. 

In Table 12 it will be noted that the majority of the 
boiler outage hours were due to superheater troubles, 
and some details of these should prove of interest. 
Fig. 9 shows the constructional details of the super¬ 
heaters, in the installation referred to, and also gives the 
principal particulaxs. The two principal troubles met 
with have been the failure of tubes and the failure of the 
studs which secure the elements to the header. The 
specified steam temperature was obtained at the outset 
and there has been no adjustment of heating surface. 

The tube failures have always occurred on the last 
return leg of the element and on the section between the 
two hangers, though there have been one or two in¬ 
stances of failure at the last return bend. In all cases 
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Table 14. 

Temperatures Recorded, by Thermo-couples on Superheater Elements of No. 14 Boiler Unit during Pressure-Raising. 


South Superheater 


Time 

Gas 

South superheater 
Element 12 

South superheater 
Element 10 

South superheater 
Element 8 

Gas 

South superheater 
Element 6 

South superheater 
Element 4 

South superheater 
Element 2 

Front 

Back 

Front 

Back 

Front 

Back 

Front 

Back 

Front 

Back 

Front 

Back 

11.30 

575 

135 

400 

160 

415 

155 

390 

700 

168 


160 

420 

175 

630 

11.40. 

830 

225 

695 

225 

685 

225 

645 

866 

220 

— 

208 

660 

215 

710 

11.50 

820 

225 

785 

215 

785 

245 

745 

860 

240 

780 

212 

710 

225 

750 

Noon 

885 

195 

785 

205 

795 

205 

765 

895 

205 

755 

198 

735 

205 

765 

12.10 

960 

240 

860 

248 

875 

250 

845 

925 

238 

830 

265 

820 

305 

835 

12.20 

895 

315 

900 

290 

900 

276 

870 

915 

325 

850 

448 

860 

340 

855 

12.30 

920 

335 

865 

325 

800 

318 

865 

930 

388 

830 

510 

856 

368 

840 

12.40 

950 

630 

900 

370 

950 

370 

880 

930 

400 

845 

635 

890 

390 

865 

12.50 

875 

730 

880 

425 

930 

410 

855 

890 

425 

800 

692 

880 

405 

850 

1.00 

955 

745 

950 

750 

945 

468 

888 

930 

470 

855 

715 

900 

670 

895 

1.10 

935 

788 

955 

795 

950 

755 

910 

915 

625 

890 

750 

900 

710 

850 

1.20 

850 

760 

830 

770 

830 

775 

820 

885 

745 

785 

732 

795 

705 

780 

1.30 

910 

692 

895 

708 

900 

685 

900 

855 

682 

865 

690 

910 

655 

900 

1.40 

1 045 

768 

955 

790 1 

930 

770 

920 

1070 

780 

910 

750 

935 

735 

965 

1.50 

1 165 

760 

1015 

785 

1000 

760 

995 

1 190 

782 

895 

755 

1030 

745 

1 060 

2.00 

1200 

790 

1060 

820 

1030 

790 

1 030 

1210 

810 

1 010 

790 

1050 

770 

1 070 

2.10 

1260 

780 

1090 

800 

1040 

770 

1040 

1280 

800 

1 000 

770 

1060 

760 

1 110 

2.20 

1 290 

750 

1 110 

780 

1060 

750 

1060 

1 320 

780 

1020 

770 

1 110 

750 

1 140 

2.30 

1290 

760 

1 110 

780 

1 060 

750 

1 070 

1 300 

780 

1000 

760 

1 120 

760 

1 160 

2.40 

1 300 

755 

1 135 

780 

1040 

755 

1 090 

1 350 

790 

1 035 

760 

1 130 

760 

1 185 

2,50 

1 335 

765 

1 125 

785 

1075 

765 

1075 

1 340 

805 

1 025 

775 

1 110 

775 

1 160 

3,00 

1 325 

750 

1 120 

780 

1065 

750 

1060 

1 325 

785 

1000 

760 

1080 

760 

1 140 

3.10 

1 320 

760 

1 140 

785 

1060 

760 

1055 

1 325 

795 

990 

765 

1 100 

765 

1 135 

3.20 

1 325 

750 

1 135 

780 

1065 

750 

1065 

1 335 

785 

1050 

760 

1 080 

755 

1 145 

3.30 

1 325 

755 

1 135 

785 

1065 

755 

1075 

1 335 

785 

1 000 

765 

1 115 

760 

1 160 


Dr£|.ins kept full open until unit went into service. 


the faulty section has been swollen and punctured and 
it has carried evidence of excessive temperature. The 
effect of the excessive temperature was confined to the 
gas side of the tubes, the internal surfaces being clean 
and free from evidence of any form of action. 

The conditions under wldch the superheaters were 
operated were fully investigated. During pressure¬ 
raising and under banked or exceptionally light load 
conditions the customary practice was to utilize the 
superheater drain valves to discharge condensate only, 
and as far as possible to minimize steam discharge in an 
effort to conserve make-up water. During pressure¬ 
raising, however, when in the early stages considerable 
condensation occurs, it was customary to keep the 
superheater drain valves about a quarter open. The 
result of all the investigations made culminated in 
altered methods of pressure-raising and operation of 
superheaters during banked and light-load conditions. 
The superheater drain valves are now kept full open 
during pressure-raising, and are operated during light¬ 
load or banked conditions to maintain a flow of steam 
.through the superheater. Since the introduction of 
these latter operating methods no further tube failures 
have occurred. 


During the time this trouble was being investigated 
the failure of element-securing studs was prevalent, and 
the work of investigation was arranged with the solu¬ 
tion of both problems as the end in view. One section 
of the work necessitated a knowledge of the tube metal 
temperatures in the superheater under operating con¬ 
ditions, as it was felt that an analysis of such tempera¬ 
tures, particularly during pressure-raising conditions, 
would provide some evidence to assist in determining 
the cause of stud and tube failures. Thermo-couples 
were therefore coimected to a number of the elements 
on each superheater. These couples were loeated two 
on each of the selected elements, one being on the swan 
neck in the header casing and the other towards the far 
end of the last return leg, i.e. where it would be in the 
maximum temperature zone. In addition, four further 
couples were located in the gas path beneath the super¬ 
heater but above the first bank of water tubes, A 
series of tests was carried out under different met^ 
of pressure-raising, and the temperatures were recorded 
every 10 minutes. The figures obtained during one of 
these tests are set out in Table 14. 

It will be noted that the temperatures recorded by the 
rear element couples are high, almost excessive, and are 
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Table 14— (continued). 

Temperatures Recorded by Thermo-couples on Superheater Elements of No. 14 Boiler Unit during Pressure-Raising. 

North Superheater 


■ __^___ Gas 


Front Back Front Back Front Back 


Front Back Front Back Front Back 


Boiler Boiler 
Gas steam output 
pressure 


450 
720 
810 
845 
900 
950 
955 
965 
960 
955 
900 
810 
845 
850 
940 
950 
I 970 
1 020 
1 030 
1 045 
1 000 
990 
990 
995 
1 020 


630 
755 
820 
835 
860 
900 
875 
888 
905 
905 
890 
855 
905 
1 000 
1 100 
1 140 
1200 
1270 
1270 
1 300 
1 300 
1 290 
1 310 
1280 
1285 


460 

750 

845 

880 

940 

975 

970 

975 

970 

975 

890 

810 

855 

840 

925 

940 

960 

990 

1020 

1030 

995 

980 

985 

995 

1000 


440 

685 

780 

820 

890 

935 

940 

950 

950 

950 

900 

810 

840 

825 

920 

940 

950 

I 1000 
1 020 
1 030 
995 
985 
985 
1 050. 
1 015 


480 
740 
810 
870 
940 
965 
975 
980 
975 
980 
915 
820 
885 
885 
980 
990 
1020 
1050 
! 1070 
1085 
1 065 
1050 
1045 
1 055 
1 065 


600 

800 

830 

870 

920 

925 
930 
950 

926 
960 
900 
840 
918 

1 046 
1 160 
1 150 
1240 
1 310 
1 320. 
1 320 
1345 
1 340 
1 345 
1345 
1360 


lb,/sq.in.| Ib./kour 


I On load 

126 000 
130 000 
140 000 
136 000 
136 000 
135 000 
140 000 
140 000 
140 000 


Drains kept full open until unit went into service. 


just below safe limits. That the safety margin is small 
is proved by the fact that burning still occurs on the 
lower ends of the element-supporting clips. The pro¬ 
vision of a free flow of steam during pressure-raising 
conditions, etc,, can prove a very costly business, since 
it results in a direct water and high-grade heat loss. 
This loss can be prevented and, at the same time, a 
greater flow of steam provided for protective purposes 
by an arrangement such as that shown in Fig. 10, The 
lay-out is shown diagrammatically but is nevertheless 
self-explanatory. It consists essentially of a saturated 
steam range to which all or several of the boiler units 
are connected. The superheater of each boiler unit is 
connected to this saturated steam range. During 
pressure-raising a supply of steam for superheater pro¬ 
tective purposes is taken from this range, passed through 
the superheater and then to the main steam range. The 
possible lower temperature of this 
entering the main ranges during a short period in the 
initial stages of pressure-raising, and its eflect on the 
temperature of the main body of steam, is negligible. 
When pressure is raised, the boiler unit is put into 
service in the ordinary way and tlie protective steam 
Supply then shut ofl. A further advantage is that such' 


a system provides protective steam for banked and 
light-load conditions. 

The problem of the failure of element-securing studs 
has been more obscure. When the plant was installed 
the superheater elements were secured to the headers by 
the type of stud shovm in Fig. II. These studs had 
the following analysis and characteristics:— 


Analysis, 

Carbon.. 
Silicon .. 
Sulphur 
Phosphorus 
Manganese 


Percent 

0-490 

0-340 

0-032 

0-040 

1-020 


Physical properties. 

Tensile strength .. ' ;. .. .. 50 tons/sq. in. 

Ifieldpoint .. ... .. .. 35 tons/sq. in. 

Eloixgatibn in 2 inches !;. . . 16 per cent 

Izod impact (minimum) .. .. 40 ft.-lb. 

Reduction in area, not less than _ 40 per cent 

When the plant had been in service about a year one 
of these studs failed on the cross-section shown, re¬ 
leasing the two elements which it held. That failure 
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was followed at intervals by others on different super¬ 
heaters, though certain units seemed to be more prone 
to stud failure than others. The outstanding feature of 
all these stud failures is that up to the time of writing 


Sahurdhed S^eam Ran^e fo which a number or alt 
of l-he boi ler unibs are connected . 



Fig. 10.—Saturated-steam coimections for protection of 
superheater during pressure-raising, banked, or light¬ 
load conditions. 

these notes all the failures have been confined to studs 
securing the elements to the saturated steam headers. 
In no case has a stud failed on any of the superheated 
steam headers. Reference to Fig. 9 will show that in 
the case of both headers the bottom of the stud root is 
in communication with the interior of the header, the 


difference being that in the case of the saturated steam 
header the studs protrude through the bottom of the 
header, while those in the superheated steam header 
enter through the top. 

The problem of tiiese failures has been investigated 
from all aspects, but so far no satisfactory solution has 
been found. Careful measurements of header, element, 
steam-pipe, and boiler-section movements have been 
made and analysed, and the question of embrittlement 
from carry-over has also been investigated. The stresses 
in the assembly and in the stud have been calculated 
and examined for all the conditions met with. Altera¬ 
tions and modifications to the various suspensions of the 
headers have been tried; investigation of the tempera¬ 
tures involved under all operating conditions was 
made as previously described; failed studs have been 
submitted to the National Physical Laboratory for 
examination and report; but none of these efforts 
has produced a definite reason for the failure of these 
studs. 

At this stage of the investigation it was felt, from a 
consideration of the collected evidence and in spite of 
the fact that no failures had occurred in the studs on 
the superheated steam headers, that the fault lay in the 
studs. A new type of stud was therefore designed as in 
the arrangement shown in Fig. 12. These were made of 
an alloy steel having the following analysis and charac¬ 
teristics :— 


Analysis, Percent 

Carbon .. .. .. 0*290 

Silicon .. .. .. 0*170 

Sulphur .. .. .. 0*027 

Phosphorus.. ’ .. 0*029 

Manganese .... .. 0 • 440 

Nickel .. .. 3*200 

Chromium .. .. 0*800 

Molybdenum .. .. 0*630 
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Physical properties. Percent 

Tensile strength .. ,. 70-75 tons/sq. in. 

Yield point. 60-65 tons/sq. in. 

Elongation in 2 inches .. 16 to 20 per cent 

Izod inapact (minimum) .. 45 ft.-lb. 

Reduction in area, not less 
than .. .. .. 50 per cent 

Heat treatment .. .. Oil-hardened at 830° C. 

Tempered at 600° C. 

Four boiler units were equipped with this new stud in 
the superheater headers, but reasoned opinion that 
faulty studs were the root of the trouble was shattered 
by the failure of one of the new studs shortly after 


cussed here is now out of date. For modem pressure 
and temperature conditions the headers of this t 3 q)e of 
superheater are made of eccentric cross-section or of 
such a wall thickness that the stud roots do not pierce 
the steam space. 

The mg)dem demand for high ratings under normal 
operating conditions also affects superheater design. 
Attempte axe made to get the maximum area into the 
usually inadequate space allocated by the boiler designer, 
and many modern plants have difficulty in meeting 
superheat temperature guarantees. If ample super¬ 
heating surface is allocated in the first instance, and the 
incorporation of the superheater in the boiler unit care¬ 
fully arranged, this component can be kept at the. 



* VI EW A 

Fig. 12.—Superheater elementCto header assembly with altered design of securing stud 

increasing magnitude of the problems affecting 
nSiW ^ ^ cormdmg inedium d^g the apph- the design of superheaters for incorporation in the sLi? 

uSe^ McAdam has shown dard forms of boUer unit may. in tte near futam rSt 

made dear that the design of superheater header dis- would appear that the Meal location would te su^’tlit 
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separate and definite control is possible of the heat 
supplied to the superheater. This does not necessarily 
aaean a separately fired superheater in the usually 
accepted sense of that term. 

Combustion Chamber. 

The influence of combustion chamber design on boiler 
unit performance has already been referred to, and the 
importance of correct design of this component requires 
no further stressing. 

The principal combustion equipment and boiler plant 
manufacturers in this country have certainly, in recent 
years, realized the necessity for research work and 
investigation of the factors affecting scientific com¬ 
bustion chamber design. 

Though practical experiment and the resultant per¬ 
formance are the final proof of the efi&cacy or otherwise 
of a given design, research work has made available 
formulae applicable in general for a given combination of 
conditions. Very few tabulated data have, however, 
been published, especially in this country, but in America 
the pioneer work of Wohlenberg, Bailey, Murray, Krei- 
singer, etc., hais been put on record and is outstanding. 
The lack of published data in this country is principally 
due to the problem of combustion chamber design being 
much more complicated than it is in the majority of 
cases in America. There the problem is considerably 
simplified by the fact that a plant may operate for the 
whole of its life on one particular coal varying in chemi¬ 
cal, physical, and combustion characteristics between 
very narrow limits. 

The development in combustion chamber design for 
coal-burning boiler plant and for all the accepted types 
of combustion equipment is due in a large measure to, 
and is most marked from, the introduction and initial 
rapid adoption of pulverized-fuel firing. Briefly, the 
history of practical development is as follows:— 

Combustion chambers for the early installations of 
pulverized-fuel plants followed closely the accepted 
design for stoker-fired furnaces. The walls were of 
solid refractory, and the furnace was fired by straight- 
shot burners giving a long fl.ame. To prevent this 
flame licking the walls, and, further, to give room and 
the necessary time element for complete combustion, 
the chamber was of necessity large and heat-liberation 
rates were correspondingly low, 10 000 B.Th.U. per cub. 
ft, per hour being seldom exceeded. Rapid deteriora¬ 
tion of refractory compared with the life of refractory 
obtainable with stoker-fired furnaces led to the develop¬ 
ment of the turbulent burner, giving a short flame which 
could be kept clear of surrounding brickwork. It was 
hoped from this trend in design that not only would 
more complete combustion be effected but that the com¬ 
bustion chamber volume could be considerably reduced, 
'I'here w;^ a limit, however, to this reduction as a result 
»pf increased heat liberation and increased furnace tem- 
iperature, and rapid deterioration of furnace walls was 
fstill an adverse feature of these early installations, 
‘The next phase consisted princip^y of research work 
Hot the development of a refractory capable of existing 
oyer a reasonable life under these arduous conditions, 
sand, though refractoides were found which would reason¬ 
ably resist the fluxing action of molten ash, no refractory 
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would satisfactorily resist the scouring action. Further, 
these high-melting-point refractories were very prone to 
“ spalling.'* 

The introduction of the hollow air-cooled combustion 
chamber wall followed and proved successful with low 
heat liberation rates; that is, with long-flame burners 
and large-volume combustion chambers. Such design 
had a further advantage in readily lending itself to the 
introduction of secondary air to the furnace. A reduc¬ 
tion in combustion chamber volume with this type of 
wall construction and incorporating turbulent short- 
flame burners was not successful. 

The result of further research work led to the intro¬ 
duction of a certain amount of wall cooling by means of 
water tubes, and further experimenting, during which a 
large number of valuable data have been tabulated, was 
carried out with designs incorporating walls partially 
cooled to combustion chambers employing entire water 
cooling by means of tubes on all walls. In the stoker- 
fired furnace field similar work was being done, but with 
a slightly different end in view, and, about the time these 
experiments were being conducted on pulverized-fuel 
combustion chambers, water boxes for the preservation 
of the lower courses of the side walls of stoker-fired 
settings were finding favour. Realization of the valuable 
heating surface provided by water-cooled walls was 
immediately appreciated, problems connected with cir¬ 
culation were overcome, and this feature of modern 
design became standard practice. Three t^ypes of 
water-cooled combustion chamber construction are in 
general use—^the plain tube, the fin tube, and the block- 
covered tube. 

The desi^ of any combustion chamber is governed by 
the predetermined mean furnace temperature to be 
employed and the temperature at which the gases will 
be discharged to the boiler heating surfaces. The 
design will also be influenced by the type of combustion 
equipment and the class of fuels on which such equip¬ 
ment will be operated. The most important factor 
affecting design is the fusion temperature of the ash, 
and it is this factor which makes combustion chamber 
design in this country a more complicated problem than 
in America. The fusion temperature of the ash in a 
combustion chamber utilizing refractory in any degree 
fixes definitely the maximum mean furnace temperature 
that can be economically employed, and also becomes a 
prominent factor in the extent of cooling to be adopted. 
The difficulty of the problem will be appreciated when it 
is borne in mind that, to quote only one instance, the 
fuels supplied to the generating station with which the 
author is associated vary in ash fusion temperature 
from a lower limit of approximately 1 800° F. upwards. 

A further factor affecting combustion chamber design 
is the type of duty to which the plant will be applied. 
Briefly, the use of full furnace water cooling will permit 
the highest possible heat release and the use of small 
furnace volume, but flexibility in operation will be 
limited, and this design pan only be successfully applied 
to boiler units which are to be normally operated at, 
say, from 0 ’ 75 load to 1 • 20 load. Further,' from the 
published data on the subject, this type of design actually 
increases the total boiler heating surface required. The 
possibility of utilizing a stnafler . volume can also negative 
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any potential advantages, since such smaller volume 
reduces the time element available for completion of 
combustion. It follows that with this type of design for 
cither stoker or pulverized-fuel firing a high degree of 
turbulence is necessary, produced in the latter case by 
turbulent burners, and in the former case special over¬ 
head air booster fans may be necessary. 

On the other hand, the full refractory-lined com¬ 
bustion chamber can be operated efficiently—^from a 
combustion point of view—over a wide range of boiler 
loadings, but, as previously stated, such a design is 
impossible under the arduous conditions of modem 
-service. The use of refractory, with our present limits 
of preheated air temperature, has also obvious beneficial 
•effects on combustion. It has been mentioned that 
•combustion air temperature for stoker practice is 
limited, but for pulverized-fuel firing the upper limit of 
such temperature can be very much higher, and the 
fully water-cooled furnace offering a reasonable degree 
of flexibility in operation then comes within the range 
•of serious consideration. Further, the individual boiler 
units of the modem large station are seldom routine- 
operated outside the load limits stated. 

A consideration of the subject leads one to the con¬ 
clusion that for the bulk of the coals utilized for power- 
station steam generation in this country, a combustion 
•chamber combining water-cooling and refractory wiU 
give the best all-round performance. The degree of 
cooling to be employed and the area to be water-cooled 
and refractory-lined, and the location of these areas, are 
governed by the factors previously mentioned. The 
refractory can either be in the form of separate walling 
or of special constmction, forming part of the water 
tube assembly. 

British practice in combustion chamber design, par- 
"ticularly for travelling-grate stokers, has been respon¬ 
sible for the development of the archless type of setting, 
and this, coupled with the water-cooling of the vulner¬ 
able sections of the side walls, cannot but result in a ' 
considerable decrease in refractory maintenance costs. 
The work done in connection with water-cooling of 
arches has been noteworthy, and it is of great interest 
to note how few the troubles have been. 

In the development of combustion chamber design, 
■particularly for stoker-fired furnaces, the point has not 
yet been reached where refractory can be entirely i 
•eliminated, and the size of the modem combustion 
chambers for power-station practice is becoming such 
that the refractory wall construction require careful 
"treatment, from a mechanical point of view. Special 
t 3 rpes of construction have been developed, but even 
these can be a source of danger when operated on low 
ash fusion point coal and they become heavily loaded 
with slag. These remarks also apply to curtain wall 
•^constructions in the upper zone of certain tro 
pulverized-rfuel furnaces. 

The trend in design is towards the elimihation of 
arches or fiat roofs. This section of the combus 
'Chamber in both travelling-grate and verticai-fired pul- 
yerized-fuel furnaces has been one of the weakest pointe 
in the boiler unit, particularly under the conditions of 
, modem service, and a life of over 4 000 hours for the nose 
^assembly of the arch is the exception rather than the rule. 


The reliability of the combustion chamber is capable 
of considerable improvement, and a construction no less 
reliable in every way than that of the remainder of the 
boiler unit is desirable. 

Though combustion chamber design has now reached 
such a degree that its relation to the other sections of a 
boiler unit can be closely calculated, there is still a ten¬ 
dency to produce a cramped construction. In the 
design of this component there is more need for 
generosity than in any other part of the unit; this is 
particularly so in the case of stoker-fired furnace design. 
In the furnace of pulverized-fuel equipment combustion 
is more evenly effected, and a more even heat distribu¬ 
tion throughout the combustion chamber is obtained, 
but in the furnace of stoker-fired equipment much wider 
variations from the mean temperature occur and result 
in high-temperature zones and local hot-spots on the 
furnace envelope. Height, or rather distance, from the 
firebed to the boiler section water tubes is of the first 
importance, but height without volume will prove 
unsatisfactory. 

The geometrical form of the combustion chamber is a 
factor of importance both from the point of view of 
combustion and the incorporation of water tubes. The 
nearly cubical form employed for pulverized fuel has 
remained standard and lends itself to the assembly of 
straight water tubes in the high-temperature zone. The 
form of furnace used in stoker practice, more particu¬ 
larly for travelling grates, has undergone many changes 
during the last few years, but recent development points 
to the wider adoption of the cubical form of construction 
with only a small ignition arch. It is suggested that 
where water-tube walls are employed they should slope 
slightly inwards towards the top in the section carried in 
the furnace, to ensure that the hot tube surfaces are 
continually water-swept. With vertical tubes, and par¬ 
ticularly with tubes inclined outwards towards the top 
of the chamber, there is danger of the hot surfaces which 
are continuously generating steam not being fully water- 
swept, and if scale-forming salts are present in the boiler 
waiter blistering and puncture will occur. Feed- and 
boiler-water control, however, has reached a high 
degree of efficiency in most modem plants, but, on the 
other hand, many of these very plants utilize a boiler 
water artificially given a definite causticity and also 
carrying other reagents chosen to minimize embrittle¬ 
ment. Tri-sodium phosphate or sodium sulphate is 
commonly used for this latter purpose. With sodium 
sulphate in a boiler water and the possibility of calcium 
5tiy<irate entering the system from softening or evaporat¬ 
ing plant, the formation of the hard scale of calcium 
sulphate is practically certain. Further, it has been the 
author^ experience that the deposition of this salt will 
occur in the water tubes of the combustion chamber, 
and it requires very little scale in this high-temperature 
zone to result in blistering and puncture. It is note¬ 
worthy that water-wall tubes which have failed from 
this cause have ^own no tendency to rupture. In 
every^ case of this type of failure within the author's 
• experience the only evidence has been a very .small hole 
in the blister. 

Fmlure of tubes can also occur due to overheating if 
the wat^ walls are not designed and constmcted to give 
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a free and definite circulation under all conditions of 
load, and no attempt should be made to economize on 
headers and risers. In fact, in one American design, to 
ensure satisfactory operation of the heating surfaces 
incorporated in the combustion chamber this section 
was constructed practically as a separate boiler. The 
cross-section of a composite unit of this t 5 rpe is shown 
in Fig. 13. 

The variable and low ash-fusion temperature of many 
of ^e rough slack coals used for power-station steam 
generation in this country has already been referred to, 
and while not strictly associated with combustion 
chamber design the question of the discharge and dis¬ 
posal of this ash is always an important feature in 
planning a new plant. Development of the slag tap 
furnace for pulverized-fuel plants has shown consider¬ 
able progress in America, though the principal difficulty 
of chamber-bottom construction has not yet been satis¬ 
factorily overcome. It would appear, however, that 
the characteristics of our coals lend themselves admir¬ 
ably to this tyP^ of combustion chamber construction 
for pulverized-fuel plants, and if successfully developed 
to meet our conditions would offer an economic solution 
to many difficulties. 

Combustion Equipment. 

The most marked progress in mechanical-stoker 
practice has been in the development of the travelling- 
grate t 3 rpe. Ten years ago a boiler unit with an evapor¬ 
ative capacity of 60 000 lb. of steam per hour would 
have necessitated the installation of three separate 
stokers. To-day a boiler unit having an evaporation of 
over 200 000 lb. of steam per hour can be equipped with 
a stoker of the travelling-grate type which is virtually a 
single machine. 

With the tendency to increase the rates of evaporation 
per unit of heating surface in the boiler there has also 
been a tendency for increased rates of combustion per 
square foot of grate area. The improvement in design 
and construction of the traveUiag-grate stoker and the 
improvement in combustion chamber design has made 
these higher combustion rates possible, but, as in the 
case of the other components of the boiler unit, there is 
a tendency in stoker design towards excessive ratings. 

Combustion rates as high as 80 lb. of coal per sq. ft. 
per hour have been obtained, but in spite of the out¬ 
standing improvements in stoker practice this type of 
equipment has its economical limitations, and these 
high ratings, even if accompanied by rehability and 
ease of control, can only result in excessive main¬ 
tenance costs. Further, the stoker equipment as part 
of a boiler unit cannot be considered separately but 
must bear some proportionate relation to the remainder 
of the unitj and unless a departure is made from the 
generally accepted boiler unit form the small, compact, 
high-duty travelling-grate stoker must be considered in 
conjunction with highly rated evaporative and heat- 
transfer surfaces. For ease of control, reasonable 
flexibility, a wide margin of efficient operation, and a 
capability to meet comfortably overload conditions and 
operate in emergency on high combustion rates, the 
modem type of ti^vellingrgrate stoker should be installed 


to be normally operated at combustion rates between 30 
and 40 lb. of coal per sq. ft. 

One phase of development has resulted in considerable 
alteration to the stoker construction. Up to the time 
when large grate area was asked for in one machine it 
was customary to construct the stoker on a carriage 
which could be withdrawn from the boiler setting for 
repairs to inaccessible parts of equipment. With the 
increased width and length of stoker this type of con¬ 
struction is no longer so easily applicable, and modem 
design usually provides for erection in situ. Unless 
considerable forethought is given there is the possi¬ 
bility of accessibility being sacrificed, and repair or 
examination of the interior and rear of the stoker then 
involves considerable dismantling work. 

The increase in stoker size, accompanied as it was by 
the development of high preheated-air temperatures, 
brought problems involving the expansion of the grate 
surface and travelling-gear components, and the author 
feels that these problems have not been solved as satis¬ 
factorily as they might have been. The grate surface 
components must have flexibihty and freedom to expand 
and move in every direction and yet be sufficiently secure 
to retain uniformity of position. It is preferable that 
the grate surface itself should only carry the firebed and 
should not take any of the driving strain. This should 
be effected by means of robust chains, fully flexible and 
with ample provision for expansion. Where the grate 
surface does carry the driving load the links or section 
of the grate so loaded should be of suitable material. A 
further provision is necessary in ensuring that failed or 
broken grate sections, links or louvres can be readily 
replaced without putting the machine out of service. 
The construction of the framing, supports, cross¬ 
members, etc., should be such that a broken or dis¬ 
torted grate section, link or louvre cannot foul and 
produce disastrous results. No interior moving parts, 
driven either from the moving grate surface or by external 
means, should be employed for the removal of riddlings 
and fines. These can be discharged without such risk- 
engendering complications. 

During the last few years the design of driving gear 
for travelling-grate stokers has been considerably im¬ 
proved. Ten years ago the majority of manufacturers 
considered four speeds ample, and a gearbox providing 
that number of ratios was usual practice. It has been 
customary British practice to provide for the electrical 
driving of travelling-grate stokers, and, that being so, 
the ideal would appear to be a speed-reduction equip¬ 
ment of the infinitely ** variable-ratio type. This end 
can be approximated electrically, but the first cost of 
tbis type of equipment is high, and modem practice is 
usually satisfied with a gearbox giving 8 progressive 
ratios. These ratios are not always as happily arranged 
as they might be, and while the fibrst four steps can be 
coarsely pitched without detriment to operation the top 
four ratios, on which the stoker will be normally operated, 
should be progressively closer. 

There is one . marked difference between American 
travelling-grate stoker practice and ours; no ash¬ 
dumping gear or clinker dams are fitted, nor are they 
thought necessary, and, in spite of this, American figures 
show that the carbon-in-ash loss can be maintamed at i 



13.—Cross-section of boiler unit (Delray power house No. 3, Detroit Edison Co.)i 
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less than 1 • 0 per cent of the heat balance. The elimina¬ 
tion of this item from the various types of British 
machine would reduce a maintenance item that can be 
considerable. This can only be accomplished, however, 
by improvement in the rear sealing of the stoker and 
the giving of greater consideration to the controls for 
the maintenance of a square burning firebed. Another 
difference in the practice of the two countries is in the 
design of the dead plate. In the American t 3 rpe of 
machine there is practically no dead plate at all, and in 
the author's experience the dead-plate area of certain 
design of British stokers, especially if these are operated * 
on high-temperature air, can be considerably reduced 
with beneficial results to ignition control. 

The tendency towards the employment of still higher- 
grade heat in bled steam for feed-water heating is result¬ 
ing in the stoker designer being called upon to provide a 
mechanism that will operate at high temperature and 
yet remain cool; that is, cool in comparison with the 
other temperatures in the stoker zone. The difficulty of 
satisfactorily operating travelling-grate stoker plant at 
high temperatures is one of the principal obstacles in 
modem design and can be the result of factors other 
than high air temperature, but the accumulated experi¬ 
ence of the past few years is being fairly successfully 
applied. 

Travelling-grate stoker design of a few years ago pro¬ 
vided for the combustion air being fed to the compart¬ 
ments or a wind box built integral with the stoker and 
carried between the top and return grate surface. This 
design, in conjunction with restricted combustion 
chamber volume, resulted in excessive grate tempera¬ 
tures. 

It is now customary to enclose totally the stoker, and 
pass all the air for combustion through the whole stoker 
assembly. This, in conjunction with the advantages 
accruing from the use of generously proportioned com¬ 
bustion chambers, has enabled stokers to operate satis¬ 
factorily at grate temperatures cooled to the neighbour¬ 
hood of 350® F. The method of conducting the air to 
the firebed, especially between the air heater and the 
stoker, should be given as much consideration as any 
other important section of equipment. Too often duct¬ 
ing—and this includes gas ducting—consists of sheet- 
metal work which would disgrace a tinsmith. The 
principles of air and gas flow should be studied in the 
lay-out of all ducting, and, needless to say, it should be 
gas- and air-tight. These may seem trivial points, but 
too often such grounds for criticism are found. The air 
should be fed to the stokers on both sides through ports 
of large area, and the control of air to the firebed should 
be effected by louvre dampers immediately beneath the 
active grate surface. In addition to providing control 
along the length of the stokers, these dampers should 
also provide transverse control in order that a square 
firebed may be easily carried. 

The various main dampers in the air and gas ducts are 
important details of combustion equipment, and here 
again existing design is poor. These dampers should be 
of such a design—^preferably mulfi’^vane—^that the ' 
velocity of the gas or air over the cross-section of the 
duct at this point is reasonably uniform and retains its 
uniformity, though .varied and/or quantity. 




The air velocity either in the ducting or entry to the 
stoker should not exceed 5 000 ft. per min. at any point. 

Considerable experience in the application of high 
preheated air temperature for combustion has been 
gained from the operation of No. 1 boiler house at 
Barking. It should be noted that this was the first 
large plant in this country in which economizers were 
eliminated. Each boiler unit is equipped with an air 
heater of approximately 17 000 sq. ft. heating surface, 
supplying preheated air to twin stokers of approxi¬ 
mately 300 sq. ft. total grate area at temperatures 
around 450®--660® F. in the case of 8 boiler units and 
400®-450° F. in the case of the other 8 boiler units. In ^ 

considering the following remarks relative to the stoker 
performance of this plant it must be borne in mind that 
the design is now out of date and cannot be compared 
with modem practice. The remarks, however, should 
be of interest since they form a small record of pioneer 
work. 

The plant has been operated on over half a million 
tons of coals, consisting principally of Northunaberland 
Rough and mixed slacks, washed and unwashed, and, 
included in that tonnage, a considerable quantity of 
Yorkshire and Nottingham slacks and smalls, and 
Lothian and Fifeshire washed peas, singles and doubles. 

During the coal strike of 1926 a quantity of foreign coals 
was used, consisting of German lignites and brown coal 
and Spanish slacks. A great amount of investigation 
work was done by everyone concerned, but naturally it 
cannot all be detailed here. 

Summarizing the salient features observed, it was 
found that with air temperatures in excess of 400® F. it 
was impossible to maintain the minimum grate tem¬ 
perature below that value, and the process of combustion 
and the behaviour of the firebed in general were influ¬ 
enced in a manner not previously experienced. It was 
noted that when operating conditions were set to obtain 
efficient combustion, i.e. with excess-air values of the 
order of 40*00 per cent, the temperature of the grate 
rose to over 500® F. The time taken to attain this 
temperature depended upon the speed of the grate, 
coal quality, firebed thickness, and combustion chamber 
pressure. Tests with many different coals showed that 
the miaimum critical grate temperature was in the 
neighbourhood of 400° F., though with some coals 
operation was possible up to 500® F, These tempera¬ 
tures refer to those measured at the front of the grate 
exposed to the atmosphere and after having been ex¬ 
posed to any natural cooling effect when coming over 
the ash and riddlmg hoppers. ; ^ ^ ^ 

When the grate surface reached the above tempera- i 

tures a very quick change occurred in the behaviour of 
the firebed. Starting in the ignition zone the firebed 
formed itself into lumps which were term^ cauli- 
fiowers." These gradually assumed, a dull red appear¬ 
ance, except around their edges, at which points intense 
combustion was apparent. These poihte^^ w^ 
ting the Only air to the firebed, and, as there was a very 
large amount of excess air here, this fact, in conjunction 
with the loss of temperature &qm the *' cauliflowered " 
areas, resulted in the arches becoming cooled, and things 
generally became unmanageable. As the firebed split 
up; the COg content of the flue gases fell from 13 or 
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14 per cent to less than 6 or 7 per cent. The boiler 
output fell from normal to less than 26 • 00 per cent, and 
the firebeds went over to the ash pit in an unbumt 
condition. 

Samples of these '' cauliflowers taken from the back 
of the grate showed complete ash round their sides, coke 
on top, and coke and slight ash mixed with caked coal 
underneath. Inside was a layer of semi-volatilized coal 
having the appearance of tar after setting, and in the 
heart of the sample was coal which to all appearances had 
never been inside a furnace. 

Exhaustive tests were made with different arch set¬ 
tings, diflerent firebed thicknesses, alterations to size 
and length of dead plate, alterations to method of air 
distribution and opening the rear of the stoker and 
modifying the ignition and distillation zone to draw in 
cold air. It was found that continuous operation could 
be maintained by carrying a high combustion chamber 
negative pressure, thus cooling the grate by air infiltra¬ 
tion through the stoker and setting in general. Overall 
thermal results, of course, suffered. Cooling the grate 
to below critical temperature by artificial means—such 
as water sprays, or, as was done on one unit, by cooling 
fans—entirely eliminated the trouble, but in both cases 
the heat loss was an appreciable thermal item. 

On the 18th January, 1928, a series of photographs 
was taken of the furnace of No. 11 boiler unit with a 
view to recording the effect of grate temperature on 
combustion. The photographs were taken over a period 
from 11.5 d..m. to 4.0 p.m. The camera was placed at 
the rear of the boiler unit, viewing the firebed of the 
right-hand stoker through the peep-hole of the rear 
inspection door. Four of these photographs are repro¬ 
duced here as Fig. 14 (see Plate facing page 672). 

The foregoing remarks apply entirely to the per¬ 
formance of one particular design of stoker. The other 
half of this boiler plant is equipped with a different type 
of grate, which operates at a lower average air tempera¬ 
ture. On this latter installation also the same com¬ 
bustion phenomena were apparent, and satisfactory 
operation was influenced by a definite grate tempera¬ 
ture. 

Various modifications in the method of supplying air 
to the firebed and passing this air through both runs of 
the grate resulted in better operation, but it was difficult 
to maintain the grate surface below critical temperatures 
on any but one special delivery of coal. Further in¬ 
vestigation of the problem led to experimenting with 
the combustion air diluted with a percentage of flue gas 
bled from the boiler-unit uptake. The result of this was 
to slow down the combustion rate in the most active 
region of the grate and lower the maximum temperature 
which the surface of the grate could’ reach duiing its 
travel through the furnace. With this latter modifica¬ 
tion fairly satisfactory operation is possible, but with 
certain coals the critical temperature of the ^ate is so 
low as to necessitate very careful operation. 

From a study of this subject in gerierfLl, ah^^ 
ence with this plant in particular, it would apj>ear that 
since the temperature of the preheated air is one of the 
most important factors governing the grate surface 
temperature, satisfactory operation of travelling-grate 
stokers operated on the usual run of-bituminous slack 


coals is limited to an air temperature in the neighbour¬ 
hood of 360° F. 

The incorporation of an air heater as part of the 
combustion equipment of the modem boiler unit is now 
established standard practice, not only because air- 
heater surface is cheaper than equivalent economizer 
surface or because of the fact that feed-water heating 
can be most economically effected by steam bled from 
the main turbines, but also because preheated air is a 
necessity with pulverized fuel, a recognized advantage 
to stoker operation, and the only means still available 
in modem design for the reduction of final flue-gas 
temperature. 

The extent to which economizer surface can be re¬ 
placed by air-heater surface is governed by the per¬ 
missible temperature at which the gases enter the air 
heater. In the case of pulverized-fuel plant this tem¬ 
perature is governed by the materials available for the 
heater construction, and, in the case of stoker plants, 
principally those of the travelling-grate type, the upper 
limit of temperature is a function of the factors pre¬ 
viously referred to. 

When air heating was first applied on a reasonably 
wide scale to power-station boiler plant the problems 
involved were fairly simple. Boiler units were small, 
economizers, in proportion, were large, and all the air 
heater was called upon to do was to reduce by a few 
degrees the temperature of the economizer leaving gases. 
If it failed in service, as a general mle it could be by¬ 
passed for repair, and its loss was not felt to any great 
extent. In the design of modem power-station boiler 
plant, however, it is an important item of equipment 
and is responsible for a large percentage of the credit 
side of the heat balance. The design of the modem air 
heater is, therefore, of equal importance to that of the 
remainder of the plant. In addition to being a thermally 
efficient piece of apparatus it must also possess a degree 
of reliability equal to that of any other section of equip¬ 
ment, and be free from the necessity of excessive main¬ 
tenance. The performance demanded from the modem 
air heater necessitates large heat-transfer areas, and 
compactness coupled with accessibility is a necessary 
feature without sacrifice of e-ny of the above-mentioned 
requirements. Further, owing to the difficulty of 
Gleaning the gas side of the heat-transfer surfaces by 
the usual t37pe of steam blowers, the velocities should be 
so apportioned that under normal operating conditions 
the apparatus is self-cleaning. In the author's opinion 
the air heater should have no moving parts, and to attain 
efficiency of heat transfer and compactness of constmc- 
tion the air and gases should flow in opposite directions 
in thin alternate films. The construction should be 
such that no leakage between gas and air is possible, and 
no bolts or stays should be used which pass alternately 
tlnrough gas and air films. Further, the gas and air 
should have as nearly as possible straight-through 
paths, and no cavitation should be possible at the gas 
^dairimtries. ; 

The usual air-heater troubles experienced in operas 
tion, apart from leakage (which should be taken care of 
in design), are choking and. corrosion. These troubles 
cm usually be traced to the fact that a section of the 
air heater is operating under dew-point condition of the 
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Table 15. 


Coal-Preparation Plant Costs of American Power Stations. 


Company 

Cleveland 

Electric 

Illuminating 

Company 

Detroit 

Edison 

Company 

Duquesne 

Light 

Company 

Illinois 

Power 

Company 

Narragansett 

Electric 

Company 

New York 
Steam 
Corporation 

Pennsylvania, 
Ohio Power 
and Light 
Company 

Name of station .. .... 

Avon 

Trenton 

Channel 

Colfax 

E. Peoria 

South 

Street 

Kip’s Bay 

Toronto 

Pulverized-fuel system 

Central 

Central 

Central 

Central 

Central 

Central 

Central 

Class of coal .. 

Bituminous 

Bituminous 

Bituminous 

Bituminous 

Semi- 

bituminous 

Bituminous 

Bituminous 

Size of coal. 

Run-of-mine 

slack 

Run-of-mine 

slack 

Run-of-mine 

Slack 

-- 

* Slack 

Run-of-mine 

slack 

Type of mill. 

— 

Roll 

Raymond 

6-roll 

Raymond 

6-roll 

Raymond 

16-ton 

Raymond 16- 
and 26-ton 

Raymond 

16-ton 

Coal, tons per mill per hour .. 

Total kWh/ton . 

16-70 

6-76 

12-6 

6-62 

17-82 

12-30 

13-00 

16-20 

23-86 

16-0 

26-73 

13-76 

20-83 

17-26 


Preparation Costs^ Cents per Ton. 


Electrical energy* 


4-86 

7-16 

4-8 

7-72 

4-13 

6-20 

5-18 

Operation labour 


3-36 

6-27 

2-8 

2-45 

6-83 

11-70 

4-81 

Oil and grease. 


0-80 

0-43 

0-7 

0-73 

0-97 

— 

1-62/ 

Other operating material 


— 

0-16 

0-1 

— 

— 

— 

— 

Maintenance labour .. 


2-94 

2-68 

1-2 

2-86 

4-60 

6-10 

2-24 \ 

Maintenance material 


3-97 

3-94 

1-2 

4-92 

5-67 

2-70 

3-00/ 

Total preparation costs, cents per ton 

15-92 

20-64 

10-8 

18-68 

22-20 

26-70 

16-76 


* All based on same cost per kWb. 


flue gases. This can be caused, assuming correct heater 
design in the first place, by prolonged operation under 
light-load conditions, bad distribution of air over the 
cross-section of the air inlet, or a faulty arrangement of 
gas ducting, resulting in starvation of a section of the 
heater. Further, even with correct air and gas distri¬ 
bution, corrosion or condensation and choking can occur 
over the cross-section of the gas exit due to seasonal or 
climatic low inlet-air temperatures, but this is usually 
covered by providing that all air is drawn from under 
the boiler-house roof and is therefore reasonably warm. 
For operation under loads lower than normal it is now 
customary to provide b 3 rpass arrangements, integral 
with the heater assembly, so that the operating tempera¬ 
tures never approach the dew point. 

Earlier in this paper it was stated that the adoption of 
pulverized-fuel equipment for large power-station prac¬ 
tice was sufiering from a temporary set-back, and what 
the author felt to be one pf the reasons for this situation 
was also set out. 

Development in the use of pulverized-fuel combustion 
equipment in this country during the last two years has 
been very restricted, and it is to American sources that 
we must turn for a record of recent work. The most 
marked progress has been in the development of what is 
termed the unit ** systeni of application of pulverized- 
fuel firing to boiler plant. With both unit and bin-and- 
feeder systems, however, the experience gained is 
reflected in the improvements in milling pl^t and 
burners. Recent reports of American progress in this 
phase of boiler-plant practice show that for the year 
1030^ construction of unit systems was more than 
tl^ limes that of central or bin-and-feeder systems, 
calculated on the total horse-power of the respective 


boiler plant. The unit system has much to recommend 
it, but the many further advantages obtainable by a 
combination of both unit and bin-and-feeder systems 
deserve serious consideration. American reports show 
that the total capital costs favour the unit system, and 
recorded conclusions state that equal performance, 
efficiency, availability, and operation costs can be ob¬ 
tained with either system, but with a saving in standing 
charges in favour of the unit system. With either 
system the cost of coal preparation is the item which 
usually necessitates the greatest supervision. 

Table 15 has been compiled from data abstracted 
from N.E.L.A. Publication No. 12, 1930. It is obvious, 
of course, that absolute comparison cannot be made 
between the two systems when applied to different 
plants, but the record is interesting in that the majority 
of the central system operation figures quoted, when 
compared with the unit-system figures, bear out in 
general the previous statements. 

The arrangement of fuel-preparation plant referred to 
as a bin-and-feeder system is a development of the 
original central system, in which the coal-preparation 
process was conducted entirely separate from the boiler 
pl^t and usually in a separate building, the product 
being transported to bins and feeder gear on each boiler 
umt. The original central system was costly, and the 
transport of the fuel from preparation plant to boilers 
was complicated and troublesome. Further, the venting 
of each milling system was a problem until the mills 
were installed close to the boilers and the individual cir¬ 
cuits vented into the combustion chambers, either 
directly or via the burners or primary air system and 
burners./'' 

The advantages and disadvantages of either system 











can be argued from many points of view, but briefly the 
salient factors are as follow:— 

The bin-and-feeder system if installed as a complete 
unit for each boiler is higher in flrst cost than a plain, 
straightforward unit system employing no duplication. 
In such a case the operation costs of the bin-and-feeder 
systeni will be appreciable when compared with the 
operation costs of the simple unit system. 

The bin-and-feeder system, as its name implies, in¬ 
volves the introduction of a fuel storage bin, fuel feeder 
gear, and, in addition, a cyclone to separate the milled 
product from the carrying medium and discharge it to 
the storage bin. This extra plant means that a bin- 
and-feeder system requires more room than a simple 
unit system, and since the storage bin, as a rule, has to 
be above the combustion chamber or burners, and the 
cyclone above the storage bin, extra building height is 
required. 

On the other hand, with a single unit system to each 
boiler the failure of a vital part of the coahpreparation 
plant involves the complete stoppage of the boiler unit, 
and this can only be guarded against by, at least, dupli¬ 
cation of the mills, and in some instances, where a high 
degree of reliability must be ensured, exhausters and 
other vital parts are duplicated as well. This arrange¬ 
ment then considerably offsets the extra head-room 
required for the bin-and-feeder system. 

The exhauster fans on a unit system have to handle 
both the fuel-carrying medium and the pulverized coal. 
Wear on these fans is excessive, and their useful, life is 
very much shorter than is the case with the exhausters 
of a bin-and-feeder system in which the carrying medium 
only is handled, and renewals of exhauster easing or 
runners should seldom be necessary. 


It is the author’s opinion that a bin-and-feeder system 
can be designed and constructed to give a greater degree 
of reliability to the boiler plant than is possible with any 
unit system. It has already been stated, and reference 
to Table 12 will show, that during the year reported in 
that table no boiler outage was caused as a result of 
failure or even routine outage of coal-preparation plant. 

With a bin-and-feeder system the whole milling plant 
can be operated continuously under the best conditions, 
which are stable and unaffected by the boiler plant, 
resulting in a product of uniform fineness. With a unit 
system the operating conditions on the mining r plant 
have to fluctuate with every variation of boiler load 
demand and every variation in combustion conditions. 
All mills generally used for the production of pulverized 
fuel have a narrow range of efScient operation, and the 
g^eral performance and product of a mill vary enor¬ 
mously by changes in speed and in air velocity or coal 
quantity through the mill. 

The bin-and-feeder system lends itself admirably to 
fuel drying in the milling system by means of bled flue 
gas. The same method of drying can, of course, be 
employed with unit mills, but since all the medium 
sweeping the mills goes forward with the milled product 
to the burners the introduction of flue gas for coal- 
d.rying purposes means that the combustion air is less 
rich in oxygen per unit of volume, and burner efficiency 
cannot be so good as with a bin-and-feeder system. 

The burners of a bin-ahd-feeder system can be 
operated irrespective of milling ^conditions, but with a 
unit system every alteration to burner conditions usually 
necessitates alteration to the milling conditions. 

The power consumption per ton of product can be 
slightly in favour of the unit system. 
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The bin-and-feeder system lends itself to a very simple 
form of automatic control, but a unit system can only be 
automatically controlled if boiler loading and combustion 
variables are also taken into account. 

From these remarks it will be gathered that the 
author favours a form of bin-and-feeder system ar¬ 
ranged integral with each boiler, with a further degree 
of reliability ensured by well-designed and constructed 
screw conveyors interconnecting the cyclone outlets. 
Any pulverized-fuel plant can only be a success if its 
designers, constructors and operators have the neces- 


smaller items of the assembly is capable of very con¬ 
siderable improvement. 

The majority of designers and operators consider that 
a fineness in grinding approximately as follows is good 
practice and that the cost of producing a greater fineness 
is unwarranted 

-j- 40 I.M.M.* mesh.. ., 1*00 per cent 

+ 100 I.M.M. mesh .. ,, 9*00 per cent 

— 100 I.M.M. mesh .. .. 90*00 per cent 

The author is, however, of the opinion that this ques- 


Table 16. 


Mill Performance Data, 


Date 


Duration of test, hours 


Average mill current, amps. 
Average exhauster current, amps. 
Average temperature outlet, ® F., 
Average tons/hour throughput 
Pressures :— 

^casing^^ 1 Negative f 
MiUuptaie J (^^ter gauge) | 
Drop across mill (water gauge).. 
Speed, r.p.m. 

Number of pendulums .. .. 

Raw coal :— 

Class of coal ... 


Total coal milled, lb. 

Moisture .. .. .. 

Pulverized fuel 

Classification -f- 40 I.M.M. .. 

-f 100 I.M.M. .. 
-100 I.M.M. . . 
Moisture, per cent .. .. 

Pyrites :— 

Total pyrites bled, lb. .. 

P 5 nrites in coal milled, per cent,. 
Float/sink test, percentage of 
pyrites floated.. .. 


24 / 6/31 

26 / 6/31 

27 / 6/31 

29 / 6/31 

30 / 6/31 

1 / 7/31 

2 / 7/31 

6 

4 

6 

5 

5-6 

5-25 

5 

37-00 

38-60 

40-00 

37*50 

40-00 

37-60 

40-00 

20-00 

19*60 

20-00 

20*70 

20-60 

20-20 

20-25 

165 

170 

160 

161 

157 

162 

158 

12*70 

14*20 

13-50 

13-30 

14-00 

16-10 

16*60 

4-25 

4*50 

4*60 

4-30 

4-60 

4*26 

3*80 

10-50 

9-75 

10*75 

10*00 

9-76 

9*00 

9*26 

14*75 

14*00 

14*75 

14*90 

14-76 

14*00 

14-00 

10*50 

9*60 

10*25 

10*60 

10-25 

9*76 

10*20 

93*70 

99-00 

99*00 

99*00 

97*90 

97 *60 

98*00 

6 

6 

6 

6 

6 

6 

6 

Bowers fines; 

N.R.S. 

N.R.S. 

N.R.S. 

Bentinck; 

Welsh R.N.S.; 

Bentinck; 

Bentinck; 




Bothal; 

N.N,S. 

Welsh R.N.S.; 

Newbiggin; 




Newbiggin; 


Bothal; 

N.R.S. 




N.N.S. 


Newbiggin 

172 480 

127 008 

179 340 

150 000 

172 400 

178 700 

186 400 

10*02 

8-89 

8*89 

9-08 

7*74 

8-84 

6*66 

1*30 

0*50 

0*70 

1*70 

1-00 

0*70 

2*10 

7*10 

7*90 

7*10 

9*80 

8*70 

7*60 

11*30 

91-60 

91*60 

92*20 

88-50 

90-30 

91*70 

86*60 

2*51 

2*11 

2*60 

2-93 

3*13 

3*42 

3*36 

— 

— 

1 313 

1 117 

1076 

1330 

890 


■ — 

0*733 

0-745 

0-626 

0*746 

0*477 . 

— 

— 

3*770 

2-630 

3-630 

7*280 

4*660 


N.R.S. ~ Northumberland rough slacks. N.N.S. = Northumberland nutty slacks. R.N.S. Rubble and nutty slacks. 


sary knowledge of the subject, but granted that such a 
knowledge is possessed by those concerned the author 
feels that such a plant as he has suggested can, in opera¬ 
tion, have the reliability of the best turbo-alternator 
machinery, with operation and mainteiiance costs lower 
than the equivalents in stoker-fired boiler plants. 

It has already been mentioned that the design of 
pTilverized-fueL equipment is still in an early stage of 
development; but criticism can be offered against the 
usual way in which these plants ^e put together. Each 
plant should, in its individual components and as an 
assembled: whole, bear some reseroblance to a first-class 
engineering product. The ^ design of ducting, dampers, 
operating and control gear, screw conveyors and the 


tion of fuel fineness is deserving of more investigation, 
and that miU development can be effected to give a 
finer product at httle or no increased cost. One argu¬ 
ment against finer pulverization, apart from milling 
costs, will be the apparently increased chimney-dust 
emission due to the greater percentage of small particles. 
This argument does not now hpld> * 

Further development in burnet design is another 
necessary featme. At presehfc^ of the best designs 
of burners have a range of pperalion of 2 to ;1; that is 
to say, they can be operated efficien;^y from 50 to 100 
per cent capacity. The majoiity of burners, however, 
do not possess such performance figures as these, and 

* Institution of Mining and Metallurgy. 
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flexibility can only be obtained by installing a number 
of burners per boiler unit. This does not infer that a 
boiler unit should be equipped with only one burner. 

Xhe. author has had a considerable experience with 
what is one of the largest pulverized-fuel-fired boiler 
plants in Europe—^not without its troubles—but in 
spite of troubles and difliculties, which have been or are 
being successfully overcome, it is his opinion that a cor¬ 
rectly designed and applied pulverized-fuel equipment 
offers considerably more advantages than mechanical 
stoker plant when considered in conjunction with the 



Fig. 15.—^Modified Raymond mill pendulum assembly. 

large boiler unit. With pulverized-fuel plant higher 
sustained thermal efi&ciencies can be obtained over long 
operating periods than is possible with mechanical stoker 
plant. Pulverized-fuel equipment is much more easily 
operated a greater degree of flexibility is obtainable and 
the control of the combustion process is more accurate 
and definite than with stoker plant. Pulverized-fuel 
plant can be easily and efficiently operated on a much 
wider range of coal classes and qualities than can stoker 
plant. Again, assuming correct design and application, 
pulverized-fuel equipment gives to the boiler plant a 
greater degree of reliability than does stoker plant. 

The increasing load on supply areas in this country, 
the increased unit size of the turbo-alternator and the 
national *'grid’" becoming an accomplished fact, give 
an ample reason for a reconsideration of boiler-unit 
VoL, 71. 


capacities. The adoption of pulverized-fuel plant makes 
possible the installation of these larger boiler units, and 
• the author suggests that for the modern generating 
station of around 300 000 kW capacity an economic case 
can be made for the adoption of pulverized-fuel-fired 
boiler units having individual capacities in the neigh¬ 
bourhood of 500 000 lb. per hour. This size and type of 
plant offers advantages in reduced capital cost on plant 
and buildings, simplicity in lay-out and operation, and— 
not the least important —sl very considerable saving in 
operation labour. 

Mention has been made throughout the paper of the 
performance of the pulverized-fuel plant at a large 
representative British station, and a short history of the 
behaviour of the coal-preparation section of this plant 
should prove of interest. In the early life of the plant, 
operation and results were very unsatisfactory. The 
mills suffered from excessive vibration, and the average 
life of mill bull-rings was in the neighbourhood of 15 000 
tons, while the life of a set of six rollers was around 
6 000 to 7 000 tons. The plant was, and is, operated 
entirely on Northumberland rough slack coals, which 
are recognized as being of a very abrasive nature and 
high in pyritic content. 

Early experiments showed that by reducing the speed 
of the mills from approximately 101 r.p.m. to 98 r.p.m. 
very much smoother running was obtained. The speed 
was reduced by inserting resistors in the rotor circuit of 
the mill motor, and as a result of these experiments all 
the mill motors were similarly equipped and tapping 
points provided in each resistor, giving a choice of four 
reductions of speed to 91 r.p.m. This reduction in speed 
had a marked effect, however, on the fineness of the 
pulverized fuel. At that time, and prior to the reduc¬ 
tion in speed, the fuel classification was approximately:— 

-f- 40 I.M.M. mesh .. .. 2*50 per cent 

-f- 100 I.M.M. mesh .. .. 14*00 per cent 

— 100 I.M.M. mesh .. .. 83*50 per cent 

After the reduction in speed the average fuel classi¬ 
fication was somewhat as follows:— 

-f- 40 I.M.M. mesh .. .. 4*00 per cent 

-f- 100 I.M.M. mesh .. .. 20*80 per cent 

— 100 I.M.M. mesh .. ., 75 * 20 per cent 

Naturally, combustion troubles- followed, and smoke 
control was critical. Slagging of the ash screen and 
''birdnesting'* of the boiler generating tubes were also 
fairly prevalent* • 

Further experiments showed that by reducing the 
number of pendulums in the mills the fineness of the 
powdered fuel could be increased to an acceptable value, 
but at the cost of output. The improvement was, how¬ 
ever, so marked that in spite of the lowered output the 
pendulums in each mill were reduced from 6 to 3. The 
average fineness rose to around 88*00 per cent through a 
100 I.M.M. mesh, with figures frequently above 90*00 
per cent on the same screen basis. 

While these experiments were in progress a simple 
device for application to Raymond mills for the extrac¬ 
tion of p37?rites was fitted to one mill and put under test. 
This device was developed by the Ashington Coal Co. 
for similar but smaller mills at their colliery plant. The 

. 38 
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possible success of this device was evident from the start, 
and all the mills were equipped with at least two of these 
pyrites traps, adjusted to suit this size of mill. 

During this time mill circuit venting and cyclone per¬ 
formance were unsatisfactory and affected boiler opera¬ 
tion. Various modifications were therefore made and 
tests carried out. A rearrangement of the mill ducting 
to bypass a proportion of the air and gas across the air 
ports and fuel bed to increase the suction in the base of 
the mill and improve the p 3 nrites-trap performance was 
a further betterment which brought more satisfactory 


prevent the pendulum from rising, and thrust plates 
were also fitted between the bush housing and the top of 
the roller. These suffered from heavy wear, and the 
pumping action of the shaft filled the lower journal with 
powdered coal. Further, grease flowed to the bushes 
very spasmodically, and what did flow could only be 
displaced by coal-dust-laden air or coal dust alone 
worked up between the shaft and bush. These troubles 
were overcome by the design of pendulum shown in 
Fig. 15. The lubrication of the central spindle also 
occasionally gave rise to * anxiety, and this was re- 



Fig. 16.—^Method of lubricating central spindle of Raymond 16-ton mill. 
Oil flows via central spindle to gearcase, and overflow from this is returned to head tank. 


results. The improvement in venting, the increased 
efficiency of the main cyclone, and the ducting modifica¬ 
tions to the mill have made possible the use of the full 
number of pendulums, and the figures given in Table 16 
are typical of the performance obtained at different mill 
“ t^oughputs/’ from about 70*00 per cent full load to 
25*00 per cent overload. 

Further to these modifications and improvements, 
which were principally connected with operation, the 
mechanical performance of the plant was investigated, 
and in addition to improving detail equipment, modi¬ 
fications were made to parts of the mill design. 

The majority of the mills are equipped with the old 
type of grease-lubricated pendulum, and at the outset 
lubrication troubles resulting in seized pendulum shafts 
, pere m^y. The weight of the roller was supposed to 


designed and the mills were equipped with the system 
shown in Fig. 16. 

With the plant in its present condition a bull-ring life 
of over 40 000 tons has been obtained. Rollers have, 
on mills fitted with full modifications, given a useful 
life of over 20 000 tons per set, and it is confidently 
expected that these figures will be a common a.verage for 
the whole of the plant when the work of modification 
and improvement is completed. The time taken to 
effect these improvements may seem to have been long, 
but it must be borne in mind that investigation and 
testing work could not be final on short-period trials. 
Further, during all this work the boiler plant has con¬ 
sistently carried the bulk of the load on the station. 

The Raymond tj^e of mill is capable of being made 
as a first-class engineering job, and is ideally suitable 









576 


BRUCE: MODERN BOILER PLANT. 


for the grinding of highly abrasive coals. An analysis 
of the performance of this type of mill, basing the esti¬ 
mate on present labour and material costs, shows that 
an overall figure of 3d. per ton of coal milled may be 
possible for operation, lubrication, maintenance labour, 

• and material. 

FLUE GAS, DUST, AND SULPHUROUS FUME 
EXTRACTION. 

During the last few years the elimination of dust, and 
to a lesser extent the elimination of sulphurous fumes, 
from boiler-plant flue gases before these gases are dis- 
‘ charged into the atmosphere has become a question of 
increasing importance, not only for new plants under 
consideration but also for those already in operation. 

^ The nature of the problem and the fundamental 
principles governing the design of plant for dust extrac¬ 
tion or sulphur elimination have been the subject of 
many papers presented before our learned societies. 
Further, most engineers in general, and power-station 
engineers in particular, are familiar with the increased 
attention now devoted to chimney emission by local 
authorities, etc. From the recurring prominence of the 
subject in other than technical affairs it would almost 
appear that the whole question of chimney emission 
may soon be governed by more stringent ordinances 
than hitherto. 

The present prominence given to this subject is one 
result of the development and use of highly-rated, high- 
gas-vUocity boiler plant employing short chimneys and 
high fan power. Further, owing to unfortunate litiga¬ 
tion, adverse Press publicity has helped to spread 
entirely wrong impressions. 

Considering apparatus for the extraction of dust only, 
such apparatus must possess certain features. It must 
be simple; it must be capable of operating efficiently 
over a wide range of gas volume and dust concentration; 
it must contain a minimum of moving parts; it must be 
automatic in operation and require a minimum of 
operating attention; its capital cost must be com¬ 
parable with that of the other items of boiler-house 
equipment; its operating and maintenance costs must 
be low; it must occupy a minimum of space; it should 
be capable of installation before the induced-draught 
fans and it should not unduly increase the boiler fan 
power; and the caught dust should be discharged to a 
disposal centre at a minimum of cost. Development of 
plant for dust extraction is proceeding rapidly along 
three general lines, and at present there are available 
and in general use those of the cyclonic type, those em¬ 
ploying a water film or water sprays, and those employ¬ 
ing an electrostatic screen. 

The problem of sulphurous fume eliminatioh is sepa¬ 
rate and distinct from the problem of dust extraction. 
The development of plant for this purpose in particular 
is being ably handled in this country by the London 
Power Co. and the Manchester Corporation Electcleity 
Department, and reports of the progress made by the 
former undertaking have already been published. 

In connection with dust-extraction plants, one ^eat 
need is a reliable and standard method of testing the 
performance of this class of equipment. Various 
methods are in use, but each possesses inherent sources 


of possible large errors. Further, the measurement of 
dust or grit particles presents many difi&culties. Mesh 
screens do not take into consideration the specific 
gravity of the particles, and, on the other hand, elu- 
triation methods alone cannot be used as a standard. 
Further, there appear to be at least half a dozen screen 
meshings in use, and each is considered a standard by 
some authority. 

Two years ago the Chimney Emissions Committee of 
the Electricity Commission set up a small technical 
sub-committee to investigate and report upon what has 
been done or is being done towards the elimination of 
grit emission in this and other countries. The author has 
the honour of. serving on these Committees, and he feels 
that any further expression of opinion on his part rela¬ 
tive to this subject in the present paper would be antici¬ 
pating any report that may be made by the Chimney 
Emissions Committee. 

The problem of the emission of grit, and to a lesser 
extent the emission of sulphurous fumes, can be viewed 
from an entirely different standpoint from that con¬ 
sidered so far in this paper. The possible benefits 
derivable from the use of clean coal, carrying negligible 
ash and sulphur contents, are recognized by most 
engineers. These benefits affect more than chimney 
emission, for the use of such a fuel offers possibilities of 
a considerable saving in operation and maintenance in 
connection with the cleaning of gas passes, combustion 
chamber upkeep and repair, and the handling and dis¬ 
posal of ash. Qean coal at an economic price offers 
possibilities in coimection with pulverized-fuel plant, 
but unfortunately the use of very low-ash coal on high- 
temperature preheated-air stoker equipment involves 
metallurgical difficulties in connection with the grate 
surface. 

ARRANGEMENT OF BOILER PLANT. 

The lay-out of a boiler plant should be such that the 
following factors are fully satisfied. There should be 
ample natural light available in as many parts of the 
plant as possible, particularly on the operating floor. 
The assembly of the plant should be such that all the 
major operation can be easily affected from one level, 
and all auxiliary plant should, as far as possible, be 
located on this level. The principal individual com¬ 
ponents should be so arranged that they are readily 
accessible for examination and repair, and when repairs 
of a major nature are in progress this work should in no 
way interfere with the ^e^^ of operation of the plant in 
service. ' 

For some years the majority of boiler plants have 
been designed for superimposed assembly; that is to 
say, the economizer, if incoiporated, was erected above 
the boiler, the air heater was erected above the econo¬ 
mizer, and the fan equipment and chimneys were ar¬ 
ranged above these three items, and, therefore, generally 
on the roof. Such a lay-out is iaaccessible foir both 
opeiatioh and repair, and necessitates a multitude of 
gangways, platforms, and ladders. The final result is 
that the lower—^and usually the operating floor—^levels 
are robbed of almost all natural light. 

Modem practice is confined almost entirely to two 
methods of arranging the boiler plant in relation to the 
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turbine room. In the one case the boiler units are 
housed in one or more buildings having one gable at 
right angles to and forming part of the turbine-room 
wall, and in the other case the boiler plant is housed in a 
building arranged parallel to and adjoining the turbine- 
room wall. The choice of either design is dependent, to 
some extent, on the number and size of the turbine units 
and their arrangement in the turbine room. Further, 
consideration has to be given to the cost of buildings for 
either scheme, to the lengths of main and auxiliary- 
steam ranges required, and to the bunker conveyor 
arrangements. With either scheme the boiler units 
can be arranged for operation from a central aisle or by- 
arranging them back-to-back from two wing aisles. The 
central operating aisle has a big advantage in that one 
operator can comfortably handle the maximum number 
of units, and the principal controls and instruments of 
these units can all be within his range of vision. It 
would appear, however, that this advantage will not 
hold in the near future. Boiler units are now of such a 
size that there is a growing demand on the part of opera¬ 
tives and their societies that the responsibility should be 
limited to one boiler unit per operator. 

The central operating aisle lay-out for boiler plants at 
right angles to the turbine room provides a maximum of 
natural light from the end gable. As a rule this arrange¬ 
ment necessitates more than one boiler house for the 
complete station. This means that the boiler houses 
are short in length, and the operating floor can be 
naturally lit even as far as the boiler units next to the 
turbine-room wall, further, both walls can carry a 
maximum of glazing, giving ample light at the rear of 
and between the units. 

The central aisle of a parallel-arranged boiler house in 
a large station is, in comparison, dark around the centre, 
and at all times the rear of the units next to the -turbine 
room requires artificial lighting. 

With the central operating aisle the bunker arrange¬ 
ment can be such that the central roof can be sloped on 
either side and fully glazed, thus providing for natural 
light on the higher sections of plant and also permitting 
addi-tional lighting to reach the operating floor through 
the space between the bunker wall and the tops of the 
boiler units. 

The varices components forming the boiler unit 
shouW be so arranged that routine operation can be 
effected from as few levels as possible. The economizer 
and air heater of each imit should be arranged at the 
rear of the unit and not superimposed as has hitherto 
been general. The section of gas pass forming the 
economizer outlet and air-heater en-fcry should be so 
designed as to form a dust arrestor. With the boiler 
unit assembly suggested this means that the bulk of the 
dust can be extracted at this point and discharged to 
the ash-disposal plant in the basement. Further, such 
an arrangement provides a saving in building height, 
with a saving in capital cost of bunker conveyors and 
cost of operation. Space should not be stinted between 
and at the reat of boiler units. Any plant or controls 
situated in cramped or inadequately lit locations will be 
neglectfufly dperatisdand^^ due noteasure 

of a-ttention to cleanliness. 

The boiler fans, both for forced and induced draught. 


should be located on the main operating level. This 
can be easily effected with stoker-equipped units, and is 
also possible, with some thought, in the case of pul- 
verized-fuel-fired units. This location for the fans 
ensures that they will receive the attention of which 
they are deprived when arranged in places which are 
inaccessible, dark, or dirty. Further, this atteiition can 
be given by the boiler operator, who is principally 
interested in their behaviour. With this lay-out it 
may mean that the forced-draught fan will be required 
to handle hot air, since it may have to be on the air 
exit end of the air heater. This, however, is not a 
serious point and is more than offset by the other advan¬ 
tages gained. Again, with the fan equipihent in this 
location, repairs, routine maintenance, and plant ex¬ 
amination are all more easily effected, particularly such 
items as runner overhauls and heavy electrical work. 

The vertical space be-trween and at the rear of the units 
should be as free from obstructions as possible, and plat¬ 
forms and galleries in these places should be kept to the 
bare minimum. 

The fronts of the plant facing the operating aisle 
should also be free from all galleries or platforms, and 
should present nothing but the boiler casing panelling. 
The size of present-day individual boiler units is making 
the question of observation of boiler water-level a costly 
proposition. The height from operating floor to the 
boiler-drum centre line is in many cases so great that no 
attempt is made to place the water gauges in the sight 
of the men on the operating floor. Instead the plant is 
laid out with facilities for the accommodation of water 
tenders. This arrangement on a large plant can in¬ 
crease the operating costs by as much as £3 000 per 
annum. It is suggested that where the height is exces¬ 
sive for direct observation the problem can be solved by 
bringing forward one of the gauges of each unit and 
equipping this gauge with proper illumination and a 
periscope, with the necessary lenses, mirrors, or ground- 
glass screen. This need not be prominent nor un¬ 
sightly, since each can be arranged in the building 
column nearest its particular boiler unit. There are 
various types of instruments available for the distant 
indication of boiler water-level, but they do not fully 
solve the problem. The author does not, question 
either their reliability or accuracy. 

As previously stated, galleries and platforms should 
be kept to a minimum. Wherever they are required 
they should be constructed of one of the types made up 
from steel strip on edge, and, consistent with strength, 
the type chosen should pass the maximum amount of 
light. Certain designs of boiler unit require periodic 
work on header caps, and with this design it is cus¬ 
tomary to provide access galleries for this purpose. It 
is suggested, however, that these galleries are unneces¬ 
sary. The casing doors can be hinged and so designed 
that when lowered to the horizontal they form a plat¬ 
form from which the work can be carried out. The 
design of -the hinge and door-sealing requires care, so 
that when closed the doors are both gas*^ and dust-tight. 
This remark applies generally to all casing doors and the 
ordinary panelling. For extensive boiler repair work, 
such as at annual overhauls when easy access to, the 
whole front and rear of this design of boiler is required. 
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scaffolding of the sectional tubular type is very useful. 
It takes up a minimum of room, is strong, safe, and 
easily and quickly erected or dismantled, and it is not 
unsightly. Its use is also an advantage for reconstruc¬ 
tion work in the modem large combustion chamber. 

The main operating controls for each unit should be 
grouped and arranged near the front of the unit. The 
principal feed-water control valves should be provided 
with extended spindles and carried to this point so that 
they are readily available to correct any erratic behaviour 
of the automatic regulators. 

The main damper controls should also be grouped 
here, and from this position all the instruments on the 
control panel should be visible. The damper controls 
should be of the signal lever or wheel, worm, and quad¬ 
rant type, and should be definite and accurate in action. 
The wires or chains connecting dampers to their controls 
should not be visible. 

The chimneys of the plant should not be carried on 
the building steelwork, but should be erected outside 
the building and carried on supports forming part of 
the main building foundations. 
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Discussion before The Institution, 10th March, 1932. 


Mr# W. M. Selvey: Tables 1, 2, 5, and 6 show that 
numerically the figures of merit for steam raising and 
steam utilization are now equal, and in my opinion this 
is due to the advent of pulverized fuel. Tables A and 
B, which give the results of four selected tests made 
under very strict conditions, show that not only has 
improvement been made in the very large boilers, but 
small boilers have equally benefited. Further progress 
will be along the lines of increased economy in the use 
of material. For instance, English turbine makers are 
putting into service sets with a maximum continuous 
rating of 30 000 kW at 3 000 r.p.m.: there is equal 
scope for increasing the rating of a given amount of 
boiler material. The notable examples of the Wood 
boiler and the Johnson boiler show that designers are 
now concentrating upon the furnace-type boiler, practi¬ 
cally without refractories. Improvement of the steam 
cycle by the use of higher pressures and temperatures is 
increasing the available energy per pound of working 
fluid, and thus enabling us to obtain more service 
from a given amount of material. Progress in the size 
of the plant, while not directly increasing the output 
of the active material, greatly decreases the relative 
cost of the inactive associated structure. In the struggle 
to attain higher efficiencies, the use of hot air in stokers 
has in many cases been pushed beyond the practical 


limit. Coal of the coking or semi-coking varieties has a 
softening temperature, and the first products of distilla¬ 
tion have an ignition temperature. If the latter is near 
to or above the former it becomes essential to rush the 
coal through its ignition stage in order to prevent the 
formation of a mass of coke; this is a difficult thing to 
do, and necessitates the adoption of special measures. 
The temperature of the hot air may be below the soften¬ 
ing and ignition temperatures, but the temperature of a 
grate which is surface-cooled only by the hot air may be 
well above them. When in contact with the hot grate, the 
dust coal in the mixture to be burnt may rapidly reach 
the softening point, and not reach the ignition point. 
It then starts to agglomerate, the air flow is checked, 
and finally large masses of coke form which cannot 
be burnt at coal-burning rates. In these circumstances, 
grate temperatures must be reduced and the coal 
thoroughly wetted. 

Mr. W. N. C# Clinch: In regard to the suggestion 
(page 544) of having 4 boilers per turbine unit with 
3 normally in commission, I know of one English power 
station where only 6 boilers are provided for a 2-turbine 
plant, so that the practice which the author advocates 
is already being adopted in this country. The figures 
given for the operating efficiency of the station with 
which the author is associated compare favourably 
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Boiler heating-surface, sq. ft. 
Superheater heating-surface, sq. ft. 
Economizer heating-surface, sq. ft. 
Total heating surface, sq. ft. 
Air-heater heating surface, sq. ft. 
Type of fuel 


Gross calorific value of fuel as fired, B.Th.U. per Ih. .. 
Net calorific value* of fuel, B.Th.U. per lb. 

Normal output of boiler, lb. per hour (actual) .. 
Pressure, lb. per sq. in. (gauge) .. 

Total temperature, ° F.. 

COg at induced-draught fan, per cent .. 

Flue-gas temperature at induced-draught fan, ® F. 
Boiler efficiency (calculated on gross calorific value), 
per cent 

Boiler efficiency (calculated on net calorific value), per 
cent 

‘ Ash-pit loss, per cent .. . 


Cross-t37pe 

marine 

straight-tube 

horizontal-header 

4-drum straight-tube, 
with header 

5-drum 

bent-tube 

Twin chain- 
grate, com- 
partmented 

Multiple-retort 

Twin travelling-grate, 
enclosed-front, 
compartmented 

Twin travelling- 
grate, open-front, 
compartmented 

March 1929 

June 1930 

April 1931 

July 1931 

9 618 

12 000 

9 952 

16 000 

4 075 

2 880 

2 870 

2 940 

6 048 

5 443 

1 862 

5 610 

19 741 

20 323 

14 684 

24 550 

11 760 

14 040 

2 160 

9 230 

washed 

N orthumberland 

1-inch 

Yorkshire 

slack 

dry slack 

screened slack 

dry slack 

11 416 

10 970 

9 210 

10 525 

10 858 

10 463 

8 674 

10 012 

62 000 

82 000 

42 000 

81 700 

275 

200 

250 

383 

660 

588 

605 

731 

11*05 

11*30 

9*25 

10*62 

230 

269 

333 

277 

83-6 

84*8 

83*4 

84*7 

87-9 

88*9 

88*6 

89*1 

1*8 

4*0 

1*0 

1*0 


* Based on Institution of Civil Engineers’ “ Report on Heat Engine Trials.’ 


Table B. 



1 

2 

3 

4 

Heat Account on Gross Calorific Value 

Gross calorific value as fired, B.Th.U. per lb. .... 

11 416 

10 970 

9 210 

10 626 

Heat to steam, per cent ,. .. .. .. .. ,, 

83*6 

84*8 

83*4 

84*7 

Heat loss to fiue gases, per cent .. .. .. .. .. 

9*5 

9*9 

15*0 

11*2 

Ash-pit loss (heat to ash and unburnt fuel), per cent ,. .. .. ' 

1*7 

4*0 

1*0 

1*0 

Heat to radiation and unmeasured losses to balance, per cent .. .. 

4*9 

1*3 

0*6 

3*1 

Heat to auxiliaries, t per cent .. .... .... .. 

1*7 

2*3 

1*8 

1*9 

Net boiler efficiency with auxiliaries, per cent .. .. .... 

81*9 

82*5 

81-.6 

82*8 

Heat Account ON Net Calorific Value 





Net calorific value, B.Th.U. per lb. ,. .. .. .. .. 

10 858 

10 463 

8 674 

10 012 

Heat to steam, per cent .. .. .. .. .. 

87*9 

88*9 

88*6 

89*1 

Heat loss to flue gases, per cent .. .. .. . • 

4*9 

5*0 

9*7 

6*0 

Ash-pit loss (heat to ash and unbumt fuel), per cent .... ,. 

1-8 

4*2 

1*0 

1*0 

Heat to radiation and unmeasured losses to balance, per cent .. .. 

5*4 

1*9 

0*7 

3*9 

Heat to auxiliaries, f per cent .. .... ., .. .. 

1*8 

2*4 

1-8 

2*0 

Net boiler efficiency with auxiliaries, per cent .. .. .. .. 

86*1 

86*5 

; 86*7 

87*1 


t Based on Institution of Civil Engineers’ ** Report on Heat Engine Trials *’ (20 000 B,Th.U. per kWh« 17 per cent efficiency); 
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with those shown for American power stations, and this 
would indicate that the trend of development is already 
on the lines which he advocates. I should like to refer 
to the peculiar expression he uses for plant efficiency. 
Surely in operating a boiler plant we are more interested 
in minimizing the variable losses which result from bad 
operation than in removing the fixed losses due to 
design. I therefore cannot see any particular value in 
the figure which he puts forward. Has it been at all 
widely adopted? The boiler lay-out show!i in Fig. 3 is 
not as simple as it looks. Although I agree that pul¬ 
verized fuel is probably the most effective means of 
oxidizing coal to liberate heat, to employ all sorts of 
auxiliary appliances in order to make the coal suitable 
for pulverized-fuel firing is to defeat the end in view. 
Unless the pulverized-fuel equipment can be installed 
in a space approximately equal to that occupied by a 
chain-grate stoker the capital costs will be unduly 
increased. What is the advantage of the central system 
illustrated in Fig. 3? The fact that no outages have 
occurred in connection with the plant is not due to any 
merit of pulverized fuel but merely to the group system, 
which enabled use to be made of other plant in substi¬ 
tution for the defective units. I therefore consider 
that where pulverized fuel has to be employed the 
unit system should be adopted. The disadvantage of 
the central system is that by storing the pulverized fuel 
in a compressed state in bins much of the value of the 
initial pulverizing is lost. The unit system is often 
stated to be unreliable, but I think we can pay too much 
attention to such reliability.'* Provided the plant is 
so designed that every part has the same liability to 
breakdown, the question of specific reliability is not 
very important. For instance, a breakdown of the 
draught fan will probably cause just as complete a 
shutdown as the failure of the pulverizing equipment. 
The present practice of bringing the fuel as near as 
possible to the combustion chamber gives every facility 
for duplicating the pulverizing equipment, and thus the 
reliability can be made equal to that of a central system. 
As regards combustion chamber design, I am convinced 
that the use of some refractory is of advantage in that it 
ensures early combustion. In connection with soot¬ 
blowing, I do not agree with the suggestion that by 
means of a suitably designed low-gas-velocity boiler 
plant one could remove all the grit liable to give rise to 
trouble. During a period of soot-blowing a perfectly 
clean chimney is an impossibility, whatever the size 
of the duct, and large ducts are not easy to arrange if 
one requires the maximum output from a given ground 
space. The remarks under the heading Arrangement 
of Boiler Plant" illustrate the value of co-operation 
between the manufacturer and the user of the plant. 
In my opinion powdered fuel will be employed in the 
future for large units, and I am convinced that it will 
not be long before the difficulty of grit collection is 
overcome. In the case of a power station situated near 
the sea there should be ample scope for getting rid of 
objectionable materials. 

Mr. H. P. Gaze: The author expresses a preference for 
what I may term the ground-floor or ** bungalow " type 
of boiler of which the Kearsley station is an example, 
and for stations situated in rural areas where land is 


cheap this type may be the best to adopt; but in urban 
or suburban districts such a lay-out is very costly. I 
think that in the large boiler designs of the future the 
whole of the ground-floor space will be taken up by the 
boiler and stoker. The author's ideal boiler rating of 
5*5 lb. per sq. ft. of heating surface is a very low figure, 
and if it were adopted (which is very unlikely) the 
remarks I have made about the space occupied by the 
bungalow boiler would be emphasized. I should like 
to refer to a development in connection with high-rated 
boilers which has recently been adopted at the Willesden 
station of the London Power Co. We have recently 
installed, in a space previously occupied by three 
standard boilers each of 50 000 lb. per hour normal 
rating, three boilers with a normal evaporation of 
90 000 lb. per hour and a maximum continuous rating 
of 120 000 lb. per hour, i.e. nearly double the previous 
rating. These boilers, which have been working for 
five or six months, are all of the standard sectional type, 
equipped with water walls and the usual air-heaters and 
economizers. The evaporation at normal duty is 11 lb. 
per sq. ft. of heating surface, and the maximum con¬ 
tinuous rating easily obtained is 14 lb. per sq. ft. The 
combustion chambers are abnormally high for this type 
of boiler, measuring 18 ft. 6 in. from the grate to the 
bottom of the tubes, and the efficiency curve is parti¬ 
cularly flat, which does not fit in with what the author 
says on this point. The efficiencies obtained on careful 
I long-period trials vary from 86 to 88 per cent at 80 to 120 
per cent of normal duty. The statement on page 557 that 
the control of this type of boiler is critical and difficult is 
in no way confirmed by our experience. On the contrary, 
the control of combustion has been particularly easy. A 
high percentage of COg is maintained without difficulty 
and with an almost complete absence of smoke. The 
high gas-velocity on this boiler has the effect of giving 
particularly clean surfaces; it seems to have almost the 
effect of soot blowing. The London Power Co. have 
four boilers in another station which have been equipped 
with high-duty travelling-grate stokers: whereas the 
boilers were formerly rated at 60 000 lb. per hour> 
they are now easily attaining between 90 000 and 100 OOO 
lb. per hour. Fach of the travelling-grate stokers is 
set within square walls in the boiler furnace, without an 
arch. They are working with rather highly boosted 
secondary air, and the combustion is distinctly turbulent. 

A COg content of 15 per cent is maintained all day 
without the slightest difficulty, and 16 per cent has been 
reached, without any trace of GO. Further, the boilers 
are abnormally smokeless. In accordance with the 
author's suggestion on page 544, I should like to refer 
to the retort-type stokers in the stations of the London 
Power Co. Those originally installed in the Deptford 
station in 1929 were for three comparatively s'^ al l 
boilers of 64 000 lb, per hour normal rating; they were 
the first retort stokers of this type employed in this 
country and, I think, the second on this side of the 
Atlantic. The stokers were originally designed for the 
low-volatile coals of America, and it was found difficult 
to bum the high-volatile British coals upon them. As 
now modified, however, they axe satisfactorily dealing 
with British coal. Two stokers of a further modified 
design have been working satisfactorily for about 
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4 months on boilers of 160 000 lb. per hour normal 
rating, and they have been run for long periods at the 
maximum continuous rating—200 000 lb. per hour. 
All these boilers are equipped with water walls, in 
accordance with standard practice. Owing to the 
modifications found necessary to the former stokers, 
the maintenance cost has been comparatively high, viz. 
3jd. per ton of coal burnt; experience indicates, however, 
that this figure will be materially reduced. The figure 
for chain-grate repairs obtained from two stations 
which are worked continuously is of the order of l^d. 
to 2d. per ton of coal burnt. The experience obtained 
with these retort stokers shows them to be a good 
alternative to pulverized fuel. They provide a clear 
chimney, and the fact that the ash is rejected cold means 
that there is no loss of sensible heat. There is much 
less atmospheric pollution than with the pulverized- 
fuel boiler. Proper gas washing will not only assist the 
powdered-fuel t 5 q)e of boiler, but will also be an advan¬ 
tage to the stoker t 5 q)e when soot blowing is in progress. 
A satisfactory full-scale system of gas washing has been 
installed on one boiler at the Grove Road station which 
has been working for over 12 months. With this 
system a boiler left uncleaned for 2 or 3 weeks can be 
ejffectively cleaned with the soot-blowing apparatus in 
one operation, without the slightest emission of grit 
or dust from the chimney. I should like to stress the 
point made by the author as to the lack of information 
on the results of power station operation in this country, 
a position in marked contrast to that in America. I 
hope that when the Central Electricity Board is 
responsible for the running of the selected stations, it 
may feel able, with the co-operation of the owners, to 
publish a great deal of useful information on this subject. 

Mr. W. E. Bighfield: The problems which the Union 
d'filectricitd has had to face are similar to the problems 
that face the supply authorities in London and the 
larger provincial cities in this country, and Mr. Rauber 
has supplied as a contribution to this discussion the 
following information relating to the latest policy and 
experience of the company at Vitry South and Genne- 
villiers. Gennevilliers was built some 10 years ago as 
a base-load station. Later, other stations were built 
(notably at Vitry) and Gennevilliers was extended. A 
further step in policy was taken some three years ago, 
when it was decided to extend Vitry and make it the 
main base-load station, and simultaneously to recon¬ 
struct the Gennevilliers station. It was decided to 
make a difEerence between the design of the boiler house 
at the new Vitry station, termed "'Vitry South,” and 
that of the reconstructed boiler-house at Gennevilliers. 
Vitry South, as the main base-load station, had to be 
designed for the highest possible efficiency, and therefore 
its cost could be relatively high. The boilers at Vitry 
South were therefore designed for powdered fuel and 
were arranged with economizers and air heaters to give 
the maximum economy. Gennevilliers, on the other 
hand, had to be prepared to deal with peak loads due to 
fluctuations and breakdowns that might occur elsewhere. 
The boiler-house plant had in consequence to be efficient, 
but its efficiency had to be definitely related to cost, 
eyeful estimates showed that considerations of cost 
made it impossible to adopt pulverized fuel. The 


decision finally taken was to install a completely new 
type of single-pass boiler so as to reduce the running 
losses to a minimum; and to design it so that it could 
easily be erected on the foundations of the boilers to be 
replaced. It was also decided to design a special type 
of furnace, partly water-cooled and partly refractory, 
based on the experience gained at Gennevilliers. The 
new boilers at Gennevilliers were made the same size as 
those projected for Vitry South, but different pressures 
and temperatures were adopted. At Vitry South the 
pressure is 600 lb. per sq. in. (gauge) at 840® F., and at 
Gennevilliers it is 425 lb. per sq. in. (gauge) at 750® F. 
The output in both cases is 240 000 lb. per hour normal 
and 300 000 lb. per hour emergency rating. The original 
Gennevilliers boilers were built for 350 lb. per sq. in. at 
700® F., but it has been found possible to modify the 
turbines by providing a high-pressure cylinder and thus 
rendering them more efficient; this change to the turbines 
forms part of the reconstruction programme. The 
design of the new boilers at Gennevilliers (see Fig. A) is 
due to Mr. Rauber and his colleague Mr. Luquet, of the 
Union d^filectricite. The first rows of tubes are smooth, 
but all the others have gills electrically welded to them. 
The superheater tubes are also gilled throughout. There 
are 44 sections of boiler tubes, each consisting of 17 tubes. 
Five tubes only are smooth, these being 83/94 mm 
in diameter. The other 12 tubes are 74/82 mm in 
diameter and are fitted with gills ranging from 
140 X 140 mm to 170 X 170 mm, all of them being 
6 mm thick. The surface area of each gilled tube is 
1 • 085 m^, and the surface area of the gills is 2*94 m^. 
The tubes are set at an angle of 46® so as to maintain a 
predetermined velocity of the gases despite their cooling. 
The superheaters are interposed and suspended from 
the seventh row of tubes. Each superheater comprises 
86 tubes, 34/42 mm in diameter, with four bends, fitted 
throughout with 82 X 82-mm gills. The surface area of 
the complete nest of superheater tubes is 240 m^, and of 
the gills 624 m^. Spaces are allowed to give access to 
the nest of tubes for cleaning and repair. The hori¬ 
zontal space requirements of the boilers are:—Width 
between walls, 8*68 m, length of first tube, 8*82 m. 
The combustion chamber comprises refractory walls 
made up of independent horizontal steps partly protected 
by water screens, spaced and placed in contact with the 
walls. Screens of this nature are placed on the four 
vertical faces of the chamber. The water circulation in 
the screens is connected into the boiler circuit. Two 
of the first installation of four boilers are fitted with 
Taylor stokers, each of which has 16 troughs with 
67 nozzles. The side walls are cooled by inclined 
water-tube screens, certain of which are protected by 
cast-iron blocks. The other two boilers are fitted with 
stokers designed by M. Ratel, of the Union d"filectricit6. 
These stokers differ from the Taylor stokers in that the 
inclination is much less and the coal enters by means of 
pushers placed on the bottom of the troughs, which are 
closed underneath. The side walls are protected by 
compressed-air headers, the air being supplied by a 
special fan. Air is supplied to each furnace by two 
blowers capable of dealing with 135 000 m^ of air per 
hour at 220 mm pressure. The motors are of 140 h.p. 
Each boiler is fitted with a steel-tube economizer. 
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The tubes are narrow and—on three boilers—smooth, 
the area being 1 800 m^. As an experiment, the fourth 
economizer has been fitted with gills. The area of the 
gilled'tube economizer is 2 700 m^, but in spite of the 
increased area it takes up less space than those fitted 
with smooth tubes. On account of space limitations, 
no air heater has been fitted. The feed water is obtained 
at 80 to 85° C. from two stage heaters supplied from 
the turbines. The exhaust gases from the economizer 
pass through two parallel motor-driven fans, into an 
unlined steel chimney. The ashes are removed by 
hydraulic conduits sealing the ash pit. Each boiler is 
fitted with a complete set of measuring and recording 
instruments. The two boilers fitted with Ratel stokers 
have been in service since November 1931. The results 
obtained so far are very gratifying, and justify the 
policy adopted by the Union d’filectricite. They may 
be summarized as follows. 

(a) Normal loads up to 265 000 and 30-minute loads 
up to 320 000 lb. per hour have been easily carried. 

{b) With a COg content of 13 to 14 per cent the 
temperatures are:— 

200 000 lb. 320 000 lb. 



per hour 
«F. 

per hour 
®F. 

Leaving boiler 

.. 280 

340 

Leaving economizer 

.. 140 

155 

(c) The partial vacua with 

13 to 14 per 

cent COg 

content are:— 

Leaving boiler .. 

20) 000 lb. 
per hour 
mm 

.. 3 

320 000 lb. 
per hour 
mm 

6 

Leaving economizer 

,. 25 

55 


(d) Using natural draught the boilers have carried up 
to 265 000 lb. per hour with a COg content of over 
14 per cent. The chimney is 62 m above the plane of 
the grate. 

{e) With a load of 320 000 lb. per hour, the power in 
kW absorbed by the auxiliaries is:—- ' 


Blowers .. 

kW 

115 

Grate .. 

.. 23 

Clinker crushers .. 

5 

Induced-draught fans .. 

52 

Total 

.. 195 


This corresponds to 0*7 per cent of the power supplied 
by the boiler. 

(/) The flexibility of the boiler is surprising. Under 
conditions of normal operation the boiler was connected 
to the line 33 minutes from the time of lighting the 
fires, and within 60 minutes it was carrying oyer 200 000 
lb. per hour.^ \ 

(g) At normal rating the Overall efficiency is just over 
85 per cent. Naturally one of the most interesting points 
investigated was the behaviour of the gilled tubes with 
regard to sooting. One set of soot blowers is placed in 
front of the superheater and one set between the eleventh | 
and twelfth rows of tubes, where there is an inspection 
space. No. 3 boiler was run under service conditions for 
708 hours and then opened up for inspection. No soot 
blowing had, been done on the boiler tubes. The first 


row of smooth tubes were found to have irregular masses 
of agglomerated dust on the under-side; this was several 
centimetres thick in places, but was readily detachable. 
The other smooth tubes were only slightly dirty. The gills 
of the sixth row of tubes, in front of the superheater, 
were covered irregularly with a layer of fine white dust 
0*1 to 0*2 mm thick. The fins of the superheater 
tubes were somewhat dirtier; in some places the dust 
layer was 1 mm thick. On the boiler tubes behind the 
superheater the layer of soot decreased regularly, being 
0*1 to 0*2 mm thick at the commencement. In the 
last rows there was no appreciable deposit. Throughout 
the nest of tubes there were, of course, accumulations of 
dust which formed cone-shaped heaps on the tops of 
the tubes. As a result of the experience already gained 
it is considered that soot blowing will be confined to 
the superheater tubes, and that the boiler itself will 
only require cleaning when it is opened up for routine 
inspection a few times per year. It would appear that 
the Union d'£lectricite have achieved a technical and 
commercial success by producing a high-efficiency 
boiler house with a low capital cost and low running 
charges. The reconstruction of existing stations on 
more economical lines may prove to be an important 
factor in the future of electricity supply. 

Mr. A. L. Luim: I should like to refer to the question 
of the maximum temperature of the preheated air, 
which the author states (page 544) should not exceed 
350° F. Mechanical troubles necessitating extensive 
repairs and replacements to travelling-grate stokers are 
frequently experienced where temperatures of 270° to 
300° F. are employed. On the other hand, if the 
temperature is kept down to 250° F. the same type of 
stoker, using the same class of fuel, will give very good 
service. I have formed the opinion, therefore, that the 
critical stage for reliable operation is between 250° and 
270° F. As regards Table 3, I think that the figure of 
2 per cent for ** heat lost in radiation and unaccounted 
foris rather low for the type of boiler referred to. 
With regard to the induced-draught fans and grit- 
arrestor equipment (page 552), the life of the fan runners 
is stated to be between 6 000 and 7000 hours. On a 
particular installation it has been found necessary after 
only 3 000 hours to replace, or extensively repair, the 
impeller and fan casings. Recently the life has been 
increased, however, by making the blades of a nickel- 
steel alloy, constructing: the fan casing in segmental 
sections, and inserting wearing-plates. It is obviously 
best to install the grit-arresting equipment on the 
suction side of the fa,n; I am familiar with several 
equipments fitted in this way which have been operating 
successfully for several months without showing any 
sighs of wea.r. T^^^ fitting of hydraulic couplings to the 
induced-draught fan, apart from saving auxiliary power, 
has a marked efiect in preventing wear of the fan 
equipment. Owing to the fact that fan makers allow 
for a large overload capacity the velocity is usually 
higher than necessary, and by fitting these couplings 
one can considerably reduce the volume of grit-laden 
gases. On a large number of installations a certain 
amount of damper .control is practised at the economizer 
or air-heater outlet, resulting in unduly high velocities 
between the damper and grit arrestor. As a result the 
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grit arrestor suffers a loss of efficiency, which leads to 
grit emission to the atmosphere and greater wear on 
the equipment. Turning to the question of “ bird¬ 
nesting (page 557), I agree with the author as to the 
effect of high gas velocities. It is necessary to clean 
certain boilers at the end of 300 steaming hours, whereas 
the same type and capacity of boilers using the same 
class of fuel, but operating with a much lower gas 
velocity, will steam for 1 000 hours before it is necessary 
to lay them ofi for cleaning. I agree with the author's 
view that for soot blowing air has an advantage over 
steam. Soot-blowing elements which employ superheated 
steam and are therefore subjected to high temperatures, 
have a tendency to creep ” and distort from their 
settings. This effect renders them not only useless 
but positively detrimental, in that the steam jets 
impinge on the generator tubes and give rise to a con¬ 
siderable amount of damage. The maintenance cost 
of soot blowers is very high, and the fact that in many 
cases they are only operated once every 24 hours prevente 
them from being effective. It is therefore doubtful 
whether the existence of certain types of soot-blower 
equipment is economically justified. Turning to the 
section dealing with superheaters (page 559), I look 
forward to a great advance in this direction before very 
long. An outstanding improvement in both material 
and design is necessary. The existing high maintenance 
cost and outage hours, to which the author's own 
experience can testify, demand serious attention. The 
short life of the hangers, supports, etc., calls for a design 
embodying larger numbers of shorter tube lengths, 
which would need little supporting. The author suggests 
that separate and definite control of the heat supply to 
the superheater is needed, but this appears to have 
many difficulties as any form of damper or movable 
baffie would undoubtedly give trouble when subjected 
to high temperatures. Since the advent of pulverized- 
fuel firing considerable improvements have been made 
in travelling-grate stokers, but manufacturers are still 
slow to realize that better material and finish are 
necessary. Problems such as effective sealing do not 
receive the attention they should. I regret that the 
author gives such scanty details of the effect of high 
temperature on such parts as steam-range joints, bolts, 
superheater tubes, safety valves, and safety-valve 
springs. It would be interesting to have his views on 
the amount of concentration to be carried in the boiler 
water of modern boiler plant, bearing in mind the loss 
due to blowing-down, and also his opinion on the question 
of caustic embrittlement. With regard to Mr. Gaze's 
remarks, I am of the opinion that for large boilers the 
retort-t 5 q)e stoker will be extensively used in this 
country in the future. 

Mr. W. S. Burge: The author states that boiler 
pressures and temperatures are becoming standardized in 
the United States, and that there seems to be a definite 
choice between pressures of 500 to 600 lb. per sq. in. and 
1 000 to 1 400 lb. per sq. in. Some two or three years 
ago I thought that we in this country were also approach¬ 
ing finality in regard to steam conditions, but since that 
time there has been a large amount of development in 
the way of blade sheathing on the low-pressure blades 
of turbines, and considerable advances have been made 


in the design of superheater tubes. In consequence we 
are now able to run our turbines with a higher moisture 
content through the last rows of blades, and also to 
operate our boiler superheaters satisfactorily at still 
higher steam pressures and total temperatures. The 
net result of these developments has been to increase 
the range of practical steam conditions beyond which 
steam reheating becomes necessary. In these remarks 
I refer more to the physical possibilities of operation 
than to economic advantages, and I am still of the 
opinion that from an economic point of view there may 
be a much better case for standardizing steam conditions 
than would appear at first sight. The question of 
pulverized-fuel versus stoker firing depends much more 
on boiler rating than on boiler efficiency. In an overall 
boiler efficiency two entirely different factors are involved, 
namely heat release or combustion, and heat reception 
or the passage of released heat into water for the purpose 
of raising steam. The method of firing, whether by 
pulverized fuel or by stokers, can at the best only affect 
the heat-release component, and, of the two, combustion 
efficiency leaves by far the smaller margin for improve¬ 
ment. With regard to the question of evaporative 
rating, there is no doubt that pulverized-fuel firing 
eliminates the output limitation of coal per square foot 
of grate area that applies to stoker firing. A few years 
ago this limitation was rather definite with our British 
coking coals, but the recent rapid developments in the 
direction of retort-type stokers will, I think, greatly 
widen our previous limitations. It is probable that even 
at the present time evaporation outputs up to 300 000 lb. 
per hour can be satisfactorily dealt with by retort- 
type stokers, and there is reason to expect that in the 
next few years this figure will be increased to 500 000 lb. 
per hour. I agree with the author that the most difficult 
question of the moment is that of superheating under 
conditions of high pressure and temperature. I have 
■for some time felt that the niceties of fuel regulation 
made possible by the use of pulverized fuel could be 
applied for superheating purposes only by means of 
separate superheating boilers using pulverized fuel. In 
this connection I am of the opinion that automatic 
combustion control would be particularly valuable, and 
I have been surprised at the extreme sensitiveness and 
reliability of the combustion control employed in the 
United States. If. automatic combustion control were 
developed for sensitive regulation in regard to super¬ 
heating on separate superheating boilers, the main 
evaporative boilers would be relieved of the design 
embarrassment of superheater tubes. Such a develop¬ 
ment could probably only be justified for boilers of very 
large output. 

Mr. J. W- J. Towaley: Although the author remarks 
that thermal-efficiency statistics can have only an 
academic interest unless they are accompanied by an 
analytical statement of the cost involved, he does not 
supply such a statement. It is often found that it does 
not pay to modernize an old boiler plant because the 
capital charges associated with high thermal efficiency 
are not balanced by sayings achieved consequent upon 
the reduced fuel consumption. The cost of attaining 
very high thermal efficiencies is in many cases unjusti¬ 
fiable on commercial grounds, and there can be little 
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doubt that the conservative development of the last few 
years in this country has been entirely justified. Actual 
figures of the performance of recently designed plants 
are badly needed to enable us to determine the upper 
limits of thermal efficiency commercially desirable. 
I am convinced that the retort-type stoker has great 
possibilities. The American design first used in this 
country was too short for our fuels, had too steep a slope 
(this caused “ avalanching *'), and gave unsatisfactory 
results from the point of view of smoke. I was interested 
to hear Mr. Gaze say that the smoke trouble had been 
overcome, for if this is so the retort-type stoker will be 
a serious competitor to pulverized fuel. The ease with 
which the retort-type stoker can be designed for fitting 
to a very wide boiler makes it suitable for the 300 000-lb. 
per hour ty^e mentioned by the author. One advantage 
of the retort-t 5 ^e stoker is its remarkable freedom 
from outages ” in comparison with chain-grate stokers. 
The experience at the Battersea station with retort- 
t37pe stokers will be awaited with great interest by all 
power station engineers. 

Mr. W. Hamilton Martin {communicated ): I should 
like to refer to the author's statement that the super¬ 
heater tends to become the most vulnerable section of 
the boiler unit. A large amount of research has been done 
in the last few years with a view to obtaining materials 
capable of withstanding continuously temperatures 
from 900 to 1 100® F., without showing signs of scaling 
and oxidation, while offering good cold working and 
welding properties and proving economical to install and 
use. Such materials have now become available,* and 
they can be drawn to any required length. One of these 
is a molybdenum alloy which shows great strength and 
toughness at higher temperatures, and has good creep " 
properties. It can be used for tubes whose outer walls 
have to withstand about 930® F. continuously. The 
other is a relatively low alloyed steel of a chromium- 
aluminium basis, and is obtainable in four different 
grades. These alloys are non-scaling, and as they have 
a high yield point when hot appreciable reductions in 
wall thickness with a higher factor of safety become 
possible; this feature also means a saving in weight, 
and hence in cost. Tubes made of these materials can 
withstand very high operating temperatures, e.g. from 
800® C. (1 470® F.) to 1 200® C. (2 200® F.). They show 
exceptionally good working features, and are, it is 
believed, an advance on ever 3 d:hing else of their kind. 
Their exceptional resistance to gases with high sulphur 
content is mainly due to the fact that they contain no 
nickel, a metal which is very sensitive to sulphur absorp¬ 
tion. The life of hangers, supports, slings, and possibly of 
the security studs described, can be greatly increased by 
the use of these alloys. The presence of nickel in security 
studs may have contributed to their early failure. The 
new alloys rnay be used for stoker or burner and furnace 
parts, and they may also overcome the present difficulties 
of blistering in vertical-tube walls, where less refractory 
materials are now being fitted in the combustion spaces. 
They will probably also be suitable for the manufacture 
of draught, air-heater, soot-blowing, exhausting, dedust¬ 
ing, sulphur-removal, and ash-removai equipment. No 
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reference is made in the paper to boiler drums, and I 
should like to state that where their cost is an appre¬ 
ciable item great use is now being made abroad of 
water-gas-welded drums. During the last 8 years more 
than 1000 have been installed all over the world; 70 
per cent operate at over 500 lb. per sq. in. pressure, 
and some of them at 930 lb. per sq. in. None of 
them has ever given cause for complaint. They ofEer 
a great saving in cost as compared with forged drums, 
while their method of manufacture, excess-pressure test, 
and aimealing, ensure a stress-free and reliable article. 
It is to be hoped that before long this method of con¬ 
struction may find more general adoption in this country. 
Although several of our insurance companies have already 
insured welded drums, the majority are waiting for the 
Board of Trade to approve water-gas-welding of boiler 
shells, as has now been done in practically every other 
country for very high working pressures, or if weight 
has to be saved, as may be the case in marine or mobile 
plant, the wall thickness of such drums may become 
excessive, where only soft steels can be used for weld¬ 
ing. To meet such cases a continuous rolling process 
has just been perfected on the Continent by which 
seamless rolled large boiler drums can be produced. 
This method takes the place of the laborious and costly 
forging down and machining of a heavy ingot into a 
drum, and offers obvious advantages over the latter. 
If, moreover, the special steels now available for that 
purpose are employed, further appreciable savings in 
weight become possible, while these materials at the 
same time offer an increased factor of safety. 

Mr. A. M. Selvey {U.S.Acommunicated ): As it is the 
purpose of the paper to cover a wide field in boiler practice, 
the following short description of a fairly radical change 
from the standard design of boiler unit will not be out 
of place. The steam-generating unit adopted by the 
Detroit Edison Co. for their new Delray (No. 3) power 
house is of the single-ended Stirling type. This t 3 q)e of 
boiler was decided upon because of the advantages to 
be obtained by having only one firing aisle, one row of 
bunkers, and a simple arrangement of coal conveyors. 
The economizer and preheater are placed behind the 
boiler, thus reducing the building height and spreading 
the weight to be carried by the foundations. The 
concentrated weight of the bunkers over the firing aisle 
is supported by the caisson-to-rock type of foundation, 
which is used for the entire power house. When the 
construction of the plant was first contemplated, a 
comparison of the efficiencies and costs of stoker firing 
and firing by means of the unit system of pulverized 
fuel showed these to be practically equal. In order to 
take advantage of any future developments in the 
economy of fuel burning, the boiler was so designed that 
it could be operated, with few changes, by either method 
of firing. The influencing factors in the final adoption 
of stoker rather than pulverized-fuel firing were the 
objection—due to the location of the plant in the city—- 
to the emission of fly-ash, even with precipitators in 
operation, and the difficulty of disposing of pulverized- 
fuel refuse. Single-ended firing necessitated a stoker 
of 67 tuydres long and 15 retorts wide, having a pro¬ 
jected grate area of 611 sq. ft. Owing to the large 
size of the grate, some means of metered air control 
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had to be provided to reduce the formation of light and form of the 4-drum Stirling type, located above the 
heavy spots in the fire. An automatic air control con- screen boiler, has an effective heating surface of 24 234 sq. 

sisting of 56 separate units in 4 rows was installed under ft., designed to operate at a working pressure of 456 lb. 

the tuyere stacks. The unit is a welded sheet-steel box per sq. in. Saturated steam is discharged from the 

containing an orifice and a control damper, both being front and middle steam-drums to the rear steam-drum, 

of the cylindrical type. The orifice opening is auto- from which, with the saturated steam of the screen 

matically adjusted according to the wind-box pressure. boiler, it is discharged—through a number of tubes 

The control damper is operated by the pressure dif- spaced equally across the drum—^to the superheater 

ferential across the orifice and is in a state of balance header at a pressure of 409 lb. per sq. in. The super- 

under a normal fuel bed. A local change in the thickness heater, consisting of 62 tubes spaced 6 in. apart, with a 
of the fuel bed, causing a variation in the volume of total effective heating surface of 4 835 sq. ft. designed 

air passing through the orifice, upsets the balance of the to raise the steam temperature to 700° F., is hung 

control damper, which operates to oppose the change vertically from two headers located outside the boiler 
until a new position of balance is attained. The control setting. In order to take advantage of a certain amount 

damper has been found to effect a change of from 10 of radiant heat, the tubes are placed as near to the 

to 15 per cent in the volume of the air supply. Owing furnace as is safe. Protection to the superheater is 

to the sensitivity of the apparatus to changes, this provided by a row of tubes of the screen boiler and two 

amount has proved suffident to rectify any variation in rows of main boiler-tubes. The economizer is of the 

the fuel bed experienced in the normal operation of the bolted-joint, forged retum-bend type, with 2-in. outside- 

stoker. The original stoker had 6 pushers, each with diameter bare tubes having an effective heating surface 

an independent adjustment. Since the adoption of of 6 032 sq. ft., designed to absorb the differences in 

4 zones of air control, a 4-pusher arrangement has the amount of heat that would be supplied to the pre¬ 
proved to be more effective. During recent tests on a heated air in a pulverized-coal inst^ation and that 

boiler fired with a 4-pusher stoker, a COg figure as high supplied to the air under present conditions of stoker 

as 16*6 per cent was obtained at the boiler outlet. operation. A soot hopper is located below the econo- 

High COg content, better packing of the fuel bed, and mizer and preheater to take advantage of the discharge 

greater control of the fuel for combustion—due to the of fly-ash from the flue gases, which, at this point, 

stoker having the same number of pushers as air-control make a complete reversal of the direction of flow, 

zones—^resulted in a saving of electric power to auxiliaries The preheater located adjacent to and in the rear of the 

as high as 38 per cent of that required for a boiler fired economizer has 1 920 tubes, of which the effective area 

with a 6-pusher stoker. The top pusher being about of external heating surface is 29 792 sq. ft., reducing the 

8 ft. above the operating floor, a platform had to be flue-gas temperatures to about 350° F. and raising the 

provided to give access to the stoker-gear boxes. The air temperature to about the same level. Each unit has 

necessary instruments for the boiler control are mounted two forced-draught fans delivering air at a static pressure 

on the operating board, which is placed below the up to 12 in. of water. There is one induced-draught 

platform in front of the stoker. The boiler unit is fan to each unit capable of providing a static under¬ 
designed for an evaporation of 340 000 lb. per hour, pressure of 12 in. of water, with a gas temperature of 

but under test conditions 410 000 lb. per hour was 360° F. A long straight duct, designed for the complete 

obtained. The unit is in two separate parts, which recovery of the high-velocity energy at the fan discharge, 

operate in parallel. The screen boiler, which has a connects the fan to the bottom of the stack. The results 

total effective heating surface of 4 276 sq. ft., consists of 2 years* operation have shown that the water circula- 

of the four water walls and the one row of tubes over tion is satisfactory. The gas temperatures at various 
the top of the combustion chamber connecting the locations in the boiler are as predicted. Small adjust- 
rear water-wall header with the steam drum. The ments have been made to the baffles to correct the 
water walls are covered from below the stoker to well superheated-steam temperatu?:e, which now varies 
above the clinker line, with metal blocks bolted to the between 670° and 700° F. over the range of the boiler 
tubes. The screen boiler has its own separate steam- loading. It was found that the lagging of the water 
drum, independent internal-water circulation, feed-water walls caused an increase of 20° F. in the superheated- 
regulator, and other equipment necessary for its opera- steam temperature. The superheater tubes have not 
tion. The saturated steam from the screen boiler passes been damaged, showing that adequate protection is 
to the rear steam-drum of the main boiler. The front provided. The boiler economy is very satisfactory and 
water-wall tubes are bent so as to form a Dutch oven is commensurate with the predicted standard. Still 
over the upper third of the stoker, in order to mix the greater economy should be obtained under more favour- 
richer gases with the leaner gases formed at the rear of able conditions of plant loading, 
the furnace. Tests have shown that the screen boiler 

supplies up to 49 per cent of the total amount of saturated [The author*s reply to this discussion will be found 
steam produced by the unit. The main boiler, a modified on page 601.] 

North-Western Centre, AT Manchester, 26tH Ja^^uary, 1932. 

Mr. M. H. Adams: I should like to ask the author to the use of the stoker. While I agree in the main 
the real reason why the Barking and Berlin West stations with the basis for boiler-house efficiency given on 
have given up the use of powdered fuel and gone back page 546,1 do not like the suggested method of allocating 
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the auxiliaries. I prefer the more usual method of 
splitting the two sections of the station on the basis 
of units generated. The overall efficiency must, of 
course, be based on output. I do not support the modern 
tendency to force the boiler plant far beyond the limits 
of its original design, as I feel that the limit to which 
the older designs can be taken is being exceeded. This 
tendency is leading us into difficulties and expense 
which seem to me out of all proportion to the benefits 
obtained. Higher steam temperatures and pressures 
are being adopted in the belief that we can get some¬ 
thing for nothing. The increase of temperatures, 
transfer ratings, and draught must have its effect on 
the life of the plant. How many of the plants now 
being erected will be capable of efficient service at the 
end of 20 years? What we should be endeavouring to 
do is to generate electricity at the lowest possible cost. 
The capital charges should be calculated on the basis 
of the maximum continuous output of the station. In 
my opinion, the need to-day is for simpler boiler plant 
with ample surfaces, so designed that the minimum of 
repairs are necessary. External cleaning should be 
easily and efficiently carried out whilst the plant is on 
load, and the plant should be capable of long periods of 
continuous service. 

Mr. S. A. Russell: The difficulties met with in 
modem stations where economizers are in use have been 
described in detail by H. C. Lamb and.H. L. Guy.* We 
believe that the trouble is due to the rise in temperature 
of the water in the economizer during the banked and 
steam-raising periods. When the boiler is put on to the 
range the cold water is passed in and the tube is subjected 
to a drop in temperature of 160 to 200 deg. F. The 
consequent sudden contraction of the tube may result 
in a slight leakage which quickly becomes serious. It has 
been suggested that this difficulty could be overcome by 
arranging by-pass flues so that during, the stand-by and 
steam-raising periods the gases could be by-passed from 
the economizer. This system has not been altogether 
successful in those stations where it has been tried. 
An alternative suggestion is that during the stand-by 
and steam-rai.sing periods we should by-pass the water 
in much the same way as the author suggests we should 
by-pass the saturated steam through the superheater. 
This suggestion, however, will probably lead to a serious 
complication in the feed-water arrangement. I should 
be glad to know whether the author has any ideas 
upon how to prevent this trouble. He mentions the 
use of inert gas in connection with the cooling of the 
grates and the elimination of the large percentage of 
boiler outages (Table 12) due to brickwork trouble. 
The introduction of inert gas has been tried in two or 
three stations and I believe it has met with considerable 
success. It gives a more even air distribution, delays 
combustion, and reduces the stresses on the brickwork. 

Mr. V. Walker: Experience in large American 
stations has proved that the most effective way of reduc¬ 
ing the cost of plant and of operation is by the con- 
straction of very large boiler units. The average 
eyapprative capacity of the boilers in 25 large American 
stations is 388 000 lb. per hour, with an average steam 
pressure of 664 lb. per sq. in. and a total steam tempera- 

, * Proceedings, of the Instiiution of Mechanical Engine&s^ 1930, vol. 1, p, 603. 


ture of 745° F. The author suggests that the average 
rate of evaporation per sq. ft. of total heating surface 
should not be more than 5j lb. per hour; this figure 
appears to be very conservative for boilers similar to 
that shown in Fig. 1, which would give an evaporation 
of between 16 and 17 lb. per hour per sq. ft. of boiler, 
economizer, and furnace, heating-surface. I do not think 
that boilers having a low heat-transfer are less liable 
to boiler outage than those working at higher rates; 
this depends, however, on the amount of brickwork in 
the furnace. The modem design of stoker is capable 
of dealing with a much greater variety of coal than 
were former types. Coals with an ash content up to 
25 per cent have been successfully burnt on modern 
grates at the station in which I am interested. There 
has been no difficulty in carrying the full boiler output 
without the use of the section of grate next to the dump 
gear. Large variations in load can be carried by modem 
stokers without any serious loss through blowing-off. 
I take it that Table 11 covers wages as well as stoker 
maintenance, and in that case it compares favourably 
with some figures I have obtained with the older types 
of grates. Some of the stokers to which I have referred 
have been run for 20 months at the very low maintenance 
cost of 0*15d. per ton burnt. This figure includes all 
adjustments. The chain grates do not, however, utilize 
preheated air. I agree with the author that the design 
of soot-blower equipment could be greatly improved. 
Soot blowers in the first pass of the boiler are not a 
success, as they soon suffer from distortion and the 
nozzles burn away. The so-called " venturi ** nozzles in 
the blower are in my opinion much too large. A high 
velocity is what is required, not a large volume of steam. 
It takes 5 000 to 6 000 lb. of steam to blow even a 
small boiler of 60 000 or 80 000 lb. per hour evaporative 
capacity. The pressure-drop through the piping is also 
high; with a drum pressure of 325 lb. per sq. in. I obtained 
a pressure-drop of 100 to 160 lb. per sq. in. at the blower 
valves when these were in operation. The maintenance 
charges are also high. The cross-drum type of boiler 
is more liable to slag the tubes than the vertical-tube 
type, and one cannot clean the front row of tubes without 
taking the boiler off load. I think the velocity of the 
gases, which may be as high as 50 to 70 ft. per sec, 
on entering the first pass of many of these boilers, 
is much too high. With regard to superheater 
troubles due to the excessive temperature attained on 
lighting up, we have had trouble on the inlet side 
of our superheaters owing to internal corrosion pre¬ 
sumably caused by water accumulating during banked 
and lighting-up periods. With regard to the direct- 
fired versus the central pulverized-fuel system, my 
experience shows that the two systeins have equal 
efficiencies and reliability with approximately equal 
maintenance charges, provided there are two mills in 
the case of the direct-fired system. The latter is easier 
to handle in many cases, and it gives rise to fewer diffi¬ 
culties due to condensation. I think, however, that the 
bin system is much more reliable at light loads, and with 
the unit (direct-fired) system the primary air required 
for best burner conffitions is not always the best for 
milling. The fineness of the mill product is more even 
with the bin system. The author is to be congratulated 






BRUCE: MODERN BOILER PLANT: DISCUSSION. 


687 


on the high boiler efficiency of 88*8 per cent obtained 
during 1930. 

Mr. R, W, Whittle: It is interesting to note that the 
standard of employee used in America partly accounts 
for the high efficiency attained there. Changes in 
design now follow each other so rapidly that by the time 
a new plant is ready to come into operation it is obsolete, 
owing to some later improvement. Reliability should 
be our first consideration. In marine engineering a 
plant with a high thermal efficiency is of little use if 
it fails to function when the ship is in the middle of the 
Atlantic. I am interested to note that the author^s 
experience shows tube-metal temperatures of 900 or 
1 000° F. to be near the danger zone. I understand 
there are in existence superheaters which have satis¬ 
factorily operated at a pressure of 400 lb. per sq. in. and 
have delivered steam at 1 00.0° F. for periods extending 
over some months, without any sign of failure. In my 
opinion the author's circulating system is probably 
the solution to a great many of the recent troubles in 
connection with superheaters of similar design to those 
under discussion. With regard to stud failures; upon 
the i‘emoval of the header, has any fault been discovered 
in the studs which remained? So far as large boiler 
plants are concerned, our success in the future will 
depend entirely upon the degree of generosity with 
which we view our design. We ought to afford the 
operator some respite from the continuous anxiety to 
which he is now subjected owing to the effort necessary 
to attain present figures of efficiency. 

Mr, W. Smyth: I should be glad to have the author’s 
opinion upon the question of pulverized-fuel versus 
stoker firing, particularly in view of the fact that 
in the last extension to the Barking station stoker 
firing was adopted. The author mentions at some 
length the question of high rates of heat transfer, and 
in this connection I should like to refer to the Wood 
steam generator, of which I have had considerable 
experience. It is essentially a radiant-heat boiler, 
and an evaporation of 60 lb. per hour per sq, ft. of 
heating surface is easily obtained. The original trials 
of the Wood steam-generator showed that without 
efficient soot blowers it would be a complete failure: 
the fitting of effective soot blowers has completely 
altered the outlook for this type of boiler. l am surprised 
to learn that, by employing compressed . air for soot 
blowing, American engineers can effect a saving of 
26*1 per cent, and it would be interesting if the author 
could give some details of how this figure is arrived at. 

^ When Mr. Whittle stated that he was familiar with 
superheaters working at a steam temperature of 1 000° F. 
I think he had in mind the Wood steam-generator to 
which I have already referred, and I should like to add 
that the superheater tubes of this boiler behaved 
satisfactorily in spite of this high temperature. If the 
superheater has to withstand high flame-temperatures 
the problem of clips presents some difhculty, but this 
can be avoided by designing the boilers so that the 
superheater elements hang from the headers. The 
critical point of mild steel is in the neighbourhood of 
600° C., and provided the tubes are not taken above 
this point no serious harm to the steel need be expected. 
Referring to the author's remarks in connection with 


ducting to carry pulverized coal, my experience is that 
ordinary sheet-steel ducting has such a short life that 
it is practically useless. Cast iron with reinforcements 
on all bends should be used as far as possible. Finally, 
as regards burners for pulverized coal, in order to reduce 
the capital cost of boilers short-flame burners have been 
introduced; in my opinion there is room for a good deal 
of improvement in the design of these burners. I 
prefer instead the old fish-tail type of burner, or better 
still the plain pipe which is used for the corner firing 
of the Wood steam-generator, 

Mr. A, Dickinson: I should like to know the com¬ 
parative costs of pulverized-fuel and stoker plants. 
The paper indicates that boilers operate for three or 
four months without cleaning: I presume this refers to 
pulverized-fuel boilers, and I should like to know whether 
there is any “ birdnesting " on the tubes. If so, how 
is it removed? We are troubled with “ birdnesting " 
and cannot get it away except by shutting down the 
boiler. A few years ago I made some interesting experi¬ 
ments on the minimum temperature at which coal will 
begin to tar or distil. In an atmosphere at 230° to 
250° F. a slight smell is noticed, and at 340° F. the gas 
distils off very quickly. I take it that the grate tem¬ 
perature quoted by the author is the maximum value; 
if it is exceeded the cauliflowers " start to form. In 
going through the grate the air is superheated and 
instantaneously it flashes" the surface of each indi¬ 
vidual nut of coal into tar. The volatile components 
then begin to come off, and a heavy blanket of coal and 
coke is formed on the grate. The air cannot get through 
this blanket, and the only remedy is to break up the coal 
bed. I have done this by turning off the preheated air 
for half an hour, also by putting plenty of water on the 
coal at the affected spot. The former method is the 
quicker. With reference to steam pressures, in America 
about 600 lb. per sq. in. is used for one set of work, 
and 1 300 lb. per sq. in. for another set. This country 
will probably settle on 800 to 900 lb. per sq. in. for 
turbines and 1 000 lb. per sq. in. for boilers. At these 
lower pressures steam has a maximum heat content 
per lb. when saturated. The superheater temperature 
has to be adjusted to suit each particular installation. 
On our plant not one superheater tube has failed during 
the \7 years* life of the plant, although we run them at 
from 800 to 840° F^ The only trouble . we have with 
superheater tubes is a slight sweating or oozing at the 
expansion joints. Internally the tubes become coated 
with a red oxide, but this protective coating stops 
further corrosion. With regard to the efihciencies given 
in Table 1, the stoker efficiency at Richmond is 87 per 
cent, and the figure for the best pulverized-fuel plant 
is 87*3 per cent. It would be interesting if the author 
could give the boiler-house load-factor and the size of 
the boilers, as this would enable one to obtain a better 
idea of the relative merit of the two systems. The 
turbine size is limited to 14 000 kW for the extra-high- 
pressure plant, and turbine makers are at present a long 
way from producing 30 000- to 40 000-kW turbines 
working at pressures of 1 000 or 1 200 lb. per sq. in. 
As to the two sets of tests on No. 15 boiler unit (Tables 2 
and 3), the 3 per cent gain in efficiency after 12 months 
was probably due to the fact that better-quality coal was 
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used on the second test. My own experience shows 
that good-quality coal is essential for efficiency. Poor 
coal often gives rise to bad combustion conditions over 
which the fireman has no control. 

Mr. G. A. J, Begg: The author's figures of steam 
evaporated per pound of coal are given to three places 
of decimals, despite the fact that the possible errors 
involved in arriving at these figures render the third 
decimal place of doubtful accuracy. Although he gives 
his fuel analyses to the second place of decimals, it is 
unlikely that the whole of the fuel fired on to his boilers 
during the period of the test was so accurately sampled 
as to justify such an order of accuracy. Seeing that in 
general the fuel proportion of the cost of a unit is in 
the neighbourhood of 26 per cent, improvement in 
boiler efficiency from 80 to 85 per cent only reduces 
the unit cost by about 1 per cent, and this can very 
soon be lost if to attain it means increasing the capital 
cost of the station. Although in America the tendency 
for the last 10 years has been in the direction of bigger 
units, higher pressures, and higher ratings, at the present 
moment the trend of development is definitely in the 
other direction. With regard to the burning of coal on 
chain grates, we have investigated the damage that 
this does to the grate surface of ordinary travelling- 
grate stokers. As the result of a large series of measure¬ 
ments of the temperature of the bars forming the grate 
surface, we found that up to the nose of the arch the 
temperature remains approximately the same as that 
at which the bar enters the furnace. As soon as the 
bar gets beyond the distillation zone, however, the 
temperature rises rapidly in a manner depending upon 
the nature of the firing. In order to reduce the main¬ 
tenance costs of the grates we tried using special types 
of heat-resisting cast iron for the bars, but little improve¬ 
ment resulted. The second method of attack was to 
increase artificially the ash content of the fuel and so 
form a protective layer on the surface of the grate bar. 
This was partly successful, but it had several disad¬ 
vantages. Finally we attacked the problem from the 
design point of view, and came to the conclusion that 
the temperature of the grate bar was the equilibrium 
value corresponding to a balance between the heat 
received from the fuel bed and the heat conducted 
away into the air parsing across the sides of the bars. 
We deduced from this result that the criterion for a 
successful inset piece would be the ratio between the 
burning surface and the surface exposed to the air 
passing by. This ratio should determine in some 
measure the actual temperature reached. We increased 
the ratio from 1:3 to 1:14, and also developed the 
shape mathematically to give a correct therm^ balance. 
This experiment was successful, for a microscopic 
examination of the iron of the new design showed per¬ 
fectly clearly that there had been no overheating. 
Unfortunately> the cost of the new design almost pre¬ 
cludes its use. The author's statement regarding the 
addition of ** inert" gas to the air supply for reducing 
the fuel-bed temperature is unfortunate, because the gas 
is not really inert. We take flue gas (containing COg) 
from the back of the boiler and pass it through the fuel 
bed with the air. Immediately the COg meets the coal 
at the bottom of the fuel bed, it is, I think, reduced to 


CO. This reaction, being endothermic, results in a 
definite cooling of the fuel bed at the grate surface. 
The CO becomes oxidized again to COg in the upper 
portion of the furnace. Turning to the subject of soot 
blowing, has the author had any experience of the use 
of water jets for preventing the growth of “ bird¬ 
nesting " in boilers? Unfortunately he does not go 
into the question of the most suitable type of refractory 
for use in combustion chambers, a question of prime 
importance to the users of high-duty boilers. 

Mr. D. L. Thornton: I should like to suggest a close 
scrutiny of the figures given in the paper, because 
there seems to be some doubt about what really con¬ 
stitutes thermal efficiency. When testing boiler plants 
in America I found time after time that the efficiencies 
claimed had to be reduced by 15 to 20 per cent. In 
general American engineers use higher temperatures 
than we do, and German engineers are inclined to use 
higher pressures. English practice lies somewhere be¬ 
tween the American and German ranges. We use 
moderate temperatures and pressures. I agree with the 
author that the radiant-heat process of transmission 
is becoming an increasingly important matter in modern 
boiler design, aiid it is linked up with the problem of the 
shape of the combustion chamber. 

Mr. A. L. Timmins: To some extent the troubles 
experienced in England with pulverizing equipment 
have been due to the fact that British coals represent 
a much wider range than American coals. Almost 
every type of coal dealt with requires special con¬ 
sideration. The maintenance costs of various plants 
which have so far been published are rather misleading 
because they include the cost of experiments and 
improvements. This is borne out by the figures quoted 
in the paper, which show a reduction in maintenance 
cost in 1931 as compared with 1930, although one would 
expect an increase as the plant wears. With regard to 
the trend of pulverized-fuel firing, the fact that the unit 
system is generally preferred to the central system 
suggests a confidence in the reliability of the former 
which was not felt five or six years ago. At the same 
time, the experience at the author's station, where no 
outages have been caused over a period of years through 
failure of pulverizing equipment, is an argument in 
favour of the bin-and-feeder system rather than an 
indication that’ the pulverizing plant is completely 
reliable. Dealing with the permissible rate of evapora¬ 
tion, by taking more advantage of radiant-heat absorp¬ 
tion it would be possible at least to double the figure 
which the author regards as the safe limit. The radiant- 
heat boiler referred to by Mr. Smyth goes a long way 
towards overcoming some of the other criticisms of 
modem boilers. The high efficiency of radiant-heating 
surface, in comparison with convection surface, leads to 
a reduction in the number of passes, and it also enables 
the superheater to be arranged on the inter-deck instead 
of the inter-tube principle; the former provides greater 
latitude for accommodating the required surface, and 
at. the same time makes it more accessible for cleaning 
purposes. I am surprised that the author makes no 
mention of automatic control. Experience gained in 
coimecfixbn with automatic control of pulverized-fuel 
plants shows that it goes a long way towards ensuring 
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continuous high efficiency with boilers of high rating. shown in Table 5 may be accounted for by the fact 

As to the maintenance cost of pulverizing equipment, that anthracite was being used at the two stations for 

we in England have been guided by the experience which high figures are shown, and the abrasive qualities 

which America obtained with coal of different quality of this fuel may have had a deleterious effect on the 

from our own, and small modifications such as a slight mills, 

reduction in the speed of the mills might tend to reduce 

the maintenance cost more considerably than we are [The author's reply to this discussion will be found 
inclined to suspect. The wide range of operating costs on page 601.] 


Mersey and North Waxes (Liverpool) Centre, at Liverpool, 7th March, 1932. 


Mr. P. J. Robinson: The design and operation of 
boiler-house plant has a very important influence on 
power station costs. With regard to the question of 
pressure (page 543), the present tendency towards 
extremely high pressures has very often, I think, been 
dictated more by a desire to be up-to-date than by a 
careful consideration of the effect on overall cost. 
When the conditions for Clarence Dock power station 
were being settled it was found that with a steam 
temperature of 775° F. at the boiler the net saving 
achieved, i.e. the difference between reduction of 
fuel cost and increase of fixed charges, would be 
less than 0*001d. per kWh by going to a pressure of 
680 as compared with 400 lb. per sq. in., and that this 
saving would disappear if the pressure went up to 800 lb. 
per sq. in. These values were based on a load factor of 
60 per cent, a fairly high figure even for a base-load 
power station. Any unexpected trouble would very 
soon turn this saving into a loss. In addition, unless an 
excessively high steam temperature is used a higher 
pressure than 400 to 600 lb. per sq. in. will produce 
excessive wetness at the low-pressure end of the turbine, 
unless reheating be adopted. This latter complication is 
in my opinion not altogether desirable. It was therefore 
decided to use a moderate pressure, 450 Ib./sq. in. being 
the figure adopted for the boiler pressure. It is in¬ 
teresting to note that very much higher pressures 
occur in the feed-ranges, where there may be an excess 
of 150 Ib./sq. in. above the boiler pressure. This 
necessitates careful attention to the setting of econo¬ 
mizer safety-valves. While I am in agreement with 
those who recommend the use of high steam tem¬ 
peratures, I do not think that sufficient prolonged 
experience has yet been obtained of metals, subjected 
to high temperatures to justify figures exceeding 800 
to 826° F. With this in mind the plant at Clarence 
Dock was designed for an initial steam temperature of 
760° F., but provision was made for raising the total 
temperature to 826° F. at a later date, if necessary. 
On page 549 the author refers to a station efficiency of 
24*4 per cent achieved in America: an investigation 
of the possible Rankin-cycle efficiency of plant shows 
that—even allowing for losses in the boiler plant, steam 
ranges, turbine, and alternator—^the station efficiency 
should be of the order of 27 per cent. There is conse¬ 
quently a constant loss of 10 to 16 per cent which is 
apparently unaccounted for. This loss, I suggest, is 
entirely due to load fluctuations. I do not agree that 
pulverized-fuel firing will give a higher boiler efficiency 
than properly-designed combustion chambers fixed by 
mechanical stokers. Dealing with the question of the 
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size of combustion chambers, it is not long since the 
axiom of boiler designers appeared to be the setting of 
boiler tubes as close as possible to the grate. In 1924 we 
realized that so long as this arrangement was adopted 
high boiler efficiencies could not be obtained, and that 
the higher efficiencies claimed for pulverized-fuel firing 
were entirely due to the large combustion chambers 
peculiar to that system. A section of boilers in the 
Lister Drive No. 2 station of the Liverpool Corporation 
supply undertaking were therefore altered, the lowest 
row of tubes being raised from 3 ft. 6 in. to 7 ft. 6 in. 
above the grate surface. Whereas it had previously 
been impossible to obtain the rated evaporation of 
20 000 lb. per hour with these boilers, after the alteration 
40 000 lb. per hour was regularly obtained without 
difficulty, and the increased efficiency, absence of smoke, 
and reduction of birdnesting ** were very marked. 
The advantages of this alteration were not immediately 
appreciated by the boiler designers, and although they 
were responsible for putting in boilers at one large 
modem station with tubes at an average height of 9 ft. 
above the grate, it was suggested by them that the 
arrangement adopted in the Lister Drive No. 3 station 
of having an average furnace height of 14 ft. was need¬ 
lessly expensive. This is a cooling-tower station, and 
the fact that the thermal efficiency per unit generated 
over a year's running was 20-36 per cent is ample evi¬ 
dence of the advantages of the high combustion chamber. 
In the Clarence Dock power station the average height 
of the tubes is 22 ft. from the grate surface, the increase 
above the Lister Drive setting being mainly designed to 
accommodate pulverized-fuel burners in the sides of the 
combustion chambers. On these boilers pulveriz.ed fuel 
is used in conjunction with stoker firing, in order to 
obtain the benefit of cheaper fuels and also to meet 
sudden demands for steam. Although the refractory 
problem is referred to by the author, he does not em¬ 
phasize what in my experience is the most satisfactory 
way of dealing with this, namely, by the use of Bailey 
blocks. When the Lister Drive No. 3 station was 
first put into operation the problem of the main¬ 
tenance of refractories was very serious. The arches 
were of the sprung type, and it was soon found 
that operation with a reasonably high CO^ content 
resulted in failure of arches within 10 or 12 days, thus 
rendering economic working impossible. A number of 
experiments were therefore carried out with the aim of 
increasing the life of refractories. Air-cooled arches and 
side walls were tried out, but although a longer life was 
obtained with these they were not entirely satisfactory. 
At this time the installation of further boiler plant in 
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Lister Drive No. 3 power station was under considera¬ 
tion, and as a result of a tour of the principal power 
stations in this country and abroad, and an investigation 
of various possible arrangements, it was decided to lay 
down three boilers fired with pulverized fuel on the unit 
system. The furnaces were entirely lined with Bailey 
blocks, this being the first installation of the kind in 
this country. The results obtained amply justified the 
initial extra expense of the blocks, as in the 4 years 
since this plant was put into operation only 2 out of the 
23 025 blocks have had to be replaced. In each case 
the trouble was due to a broken stud. A further advan¬ 
tage of the use of these blocks is that their heat content 
is less than that of ordinary firebricks, and this heat is 
more readily given up to the water in the boilers, with a 
consequent reduction in the losses when the boilers are 
put on and taken off the range. The firing of these 
boilers on the unit system has proved entirely successful, 
and as a result of my examination of various plants I 
am convinced that this is the only satisfactory system 
of pulverized-fuel firing. In view of the results obtained 
at Lister Drive, Bailey blocks were installed on the side 
walls and front and rear arches of the combustion 
chambers at Clarence Dock power station, and although 
it was suggested that the use of these blocks in the 
front arch would, by overcooling the furnace, reduce the 
efficiency to a low value, experience has proved that 
these boilers can be regularly run with a COg content of 

15 per cent. On page 654 the author refers to the 
outage periods of boilers, but the percentage figure 
which he gives does not include the period of annual 
survey and overhaul which is part of the outage. My 
experience has been that his figure of 6 to 8 weeks for 
annual survey and overhaul is excessive and that 
4 weeks is adequate, but it is possible that the use of 
Bailey blocks has assisted in obtaining this lower figure. 
In connection with the use of compressed air for soot 
blowing (page 558), I should like to state that the first 
compressed-air soot-blowing system installed in this 
country was the compressed-air hand-lances at the Lister 
Drive power station, which have been used for the last 

16 years. Although the plant in Lister Drive No. 3 
station was operated with steam blowing, the drawbacks 
of this were found to be so considerable that it was 
decided to use compressed air at the Clarence Dock 
power station, which has the first modem plant of 
type in Great Britain. The disadvantages of steam 
blowing are: first the energy lost is 3 times that lost 
with compressed-air blowing, secondly a considerable 
number of tappings are required on the high-pressure 
and steam ranges, and thirdly the boiler-feed make-up 
reaches such a high percentage as to necessitate the use 
of large evaporating plant. In this connection it is 
interesting to note that the use of compressed air for 
soot blowing at Clarence Dock has reduced the boiler 
feed make-up to less than 1 per cent. At this station 
the supply of compressed air is obtained from a turbo¬ 
blower driven by a 3 300-vblt motor. The present 
tendency towards increasingly high draught renders the 
forced- and induced-dra.ught plant more and more 
important. The adoption of the usual overload of 
25 per cent on the normal boiler rating necessitates the 
installation of fans and motors very much larger than 


those required for normal working, and at the Clarence 
Dock power station it was therefore decided to install 
draught equipment designed only for an overload of 
10 per cent. This decision led to a very considerable 
saving in the cost of fans, motors, and transformers. 
Even with this reduction in size the motors are still 
large, and advantage has been taken of this to utilize 
motors supplied at 3 300 volts, with a consequent saving 
in cable sizes and copper losses. The question of 
draught control is very important. Direct current is 
now rarely used for draught-fan motors in power 
stations, and variable-speed a.c. motors are expensive. 
The draught is therefore usually controlled by means of 
dampers; this arrangement is not only uneconomical 
but is also responsible for a large amount of the erosion 
which takes place in the induced-draught fans. The 
Lister Drive No. 3 station was the first in which a 
hydraulic coupling of the Vulcan-Sinclair ty^e was 
utilized for induced-draught fans. The coupling was 
found to be so satisfactory and it resulted in such a 
considerable saving in power that similar couplings 
were used on all the forced- and induced-draught 
fans at Clarence Dock. The readiness with which the 
speed, and consequently the draught, can be con¬ 
trolled, makes these couplings particularly suitable for 
the adoption of automatic control, and the Clarence 
Dock power station is the first in the country to have 
automatic boiler-control equipment working on hydraulic 
couplings. 

Major W. Gregson: The author is a little drastic 
in limiting his evaporation to 6*5 lb. per sq. ft. of 
heating surface. Boiler design is developing so rapidly 
that, provided adequate circulation is ensured, much 
higher ratings can be worked to with complete immunity 
from maintenance troubles. It is purely a question of 
design, and a figure which would be low for one boiler 
might be nearly the limit for effective running with a 
different design. I should like to emphasize the desira¬ 
bility of the water-walled furnace with stoker firing, 
and to correct the erroneous impression that pulverized- 
fuel boilers alone benefit by a water-walled construction. 
The great advantage of the Bailey furnace is its auto¬ 
matic adjustment to operating conditions; at all loads 
it avoids slag troubles and yet does not cause quenching 
of the combustion. The company with which I am 
associated is engaged in research work on the question 
of superheater design foir high temperatures, and it 
appears that the demand for stiU higher temperatures 
, will be met jointly by metallurgical developments and 
; advances in connection with siting. From the point 
of view of efficiency there is little to choose between 
pulverized-fuel and stoker firing. For large boilers the 
retort-type stoker, used with suitable fuel, is likely to 
become popular. The fact that the modem water-tube 
boiler maintains continuously efficiencies of 86 ip 
90 per cent leaves little room for improvement on the 
thernaahefficieiicy equation. 

Mr. L Hamilton: The author points out that high 
efificiend^ axe only of acadeniic value, and I agree that 
they can be obtained at too great a cost. Table 1 
indicates that the stoker plant of the Eichmon4 station 
of the Philadelphia Electric Co. has an efficiency com- 
i parable with those of the, pulverized-fuel stations. As 
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banking losses are greater on stoker-fired than on 
pulverized-fuel plant it would appear that the efficiency 
of this station is higher than that of the pulverized-fuel 
stations. On page 644 the author mentions combustion 
rates of 70 to 80 lb. per sq. ft. of grate area: are these 
rates in use in actual practice ? So far as I know they 
have only been obtained from an experimental plant on 
a freak setting not applicable to modem boilers. If 
such rates can be obtained, the author's figure for the 
limiting capacity of stoker-fired units will almost be 
doubled. With reference to the retort stoker, I have 
always had the feeling that with the class of fuels 
available in this country there might be considerable 
difficulty in getting good combustion in this type of 
stoker. I do not agree with the author's method of 
arriving at an availability factor. AU boilers must be 
laid ofi for an annual survey, and the outage period 
should be fixed. To my mind 15 days only are necessary 
for a complete survey and overhaul of the mountings of 
modem boilers, and any other work required at that 
time should be debited to repairs and maintenance 
outage. If the denominator of the equation is taken 
as 8 400 hours all plants will be placed on a comparable 
basis. According to Table 12, the total available 
hours for Boiler No. 22 were 7 977; I cannot reconcile 
this with the chart shown in Fig. 4, which indicates 
that Boiler No. 22 was in course of erection for the 
first 3 months of the year, and was only available for 
the remaining 9 months. The figure in question should 
be about 6 600. I am in agreement with the author as 
to the desirable rate of evaporation. The figure for 
our boilers at Clarence Dock power station works out at 
6 • 5 lb. per hour per sq. ft., rising to 6 • 1 on the overload 
rating. The method shown in Fig. 8 has proved quite 
successful at Clarence Dock for overcoming ** bird¬ 
nesting." This has been one of our biggest bugbears at 
Lister Drive, but we are getting over the trouble. Two 
of the boilers at Clarence Dock power station are equipped 
with speed-reduction equipment of the infinitely-variable 
type. I agree with the author that too often ducting 
consists of sheet-metal work which would disgrace a 
tinsmith. All ducting should be of welded construction 
and made of heavy plate with no internal projections 
such as rivet- or bolt-heads. All flanges should be 
external and so constructed that a dustproof joint can 
be made. With regard to dampers, a great deal of 
pressure may be lost if these are badly designed. 

Mr. H. Midgley; I should be glad if the author 
would explain the term cold fraction of five-sixths" 
used on page 548, as this expression is new to the 
majority of engineers. On page 657 he states that the 
development resulting in practically all the boiler 
heating surface becoming a water-tube cage surrounding 
the furnace has limitations, as at present it can only be 
adopted in conjunction with pulverized-fuel combustion 
equipment. I suggest that this wording does not convey 
the meaning intended, as literally interpreted it would; 
rule out the use of stoker-fired boilers having the^^^^^^^ 
walls of the combustion chamber water-cooled, whereas 
this construction is adopted in the boilers at the Clarence 
Dock power station of the Liverpool Coiporation. The 
front, rear, and side walls of these boilers are completely 
water-cooled and protected with Bailey blocks. Regard¬ 


ing the statement (page 577) that " the wires or chains 
connecting dampers to their controls should not be 
visible," such a procedure would result in the wires or 
chains not receiving the attention and maintenance 
necessary for satisfactory operation. Whilst they should 
be so arranged as neither to block passage-ways nor be 
unsightly, they should, I think, be visible for as much of 
their length as possible. No reference appears to be 
made in the paper to what I regard as one of the most 
satisfactory systems of boiler firing, namely the com¬ 
bination of pulverized fuel and mechanical stokers. 
About five years ago at the Lister Drive (No. 3) power 
station of the Liverpool Corporation, a Yarrow boiler 
normally fired by means of a chain-grate stoker was 
equipped with two burners in the sides of the combustion 
chamber, supplied with pulverized fuel from a unit 
(Atritor) miU. This arrangement enabled the evapora¬ 
tion of the boiler to be raised 40 per cent within 3 minutes 
of first switching on the mill motor. No trouble was 
experienced in lighting-up, the fire on the chain grate 
being adequate for this purpose. The evaporation 
returned to the normal value immediately the mill was 
stopped. The advantages of such an arrangement 
for meeting unexpected demands for steam due to sudden 
clouds or breakdown of plant, and also for the utilization 
of cheap fuels, will be obvious. In view of the results 
obtained at Lister Drive a similar arrangement has been 
adopted at the Clarence Dock power station. I under¬ 
stand that boiler manufacturers in this country are 
giving careful attention to the reduction of the number 
of passes of the flue gases through the boiler tubes. 
This type of development should be encouraged because 
of the resultant simplification in design and the reduction 
in draught losses. 

Mr. A. L. Timmins: I shall refer first to the 
author's conclusion that pulverized fuel is at present in 
disfavour. Although there are at present under con¬ 
struction a larger number of stoker-fired than pulverized- 
fuel boilers, the evaporative capacity of the pulverized- 
fuel-fired boilers now under construction in this country 
or recently put into service exceeds 2 000 000 lb. per 
hour, or (say) 60 000 h.p. Turning to the comparison of 
British and American super-power stations, I think that 
the author's list should be supplemented by the addition 
of Kirkstall station (50 000 kW) and the high-pressure 
boiler plant of Imperial Chemical Industries at Billing- 
ham. Referring to Tables 4 and 6, has the author any 
figures to show the amount of coal used at his pulverized- 
fuel station for lighting-up and banking purposes? If 
such figures were available it would be possible to 
determine to what extent elimination of lighting-up 
and banking losses contributes to the economy of 
pulverized-fuel firing. The figures quoted for Deptford 
power station show that approximately 2 per cent of the 
loss of efficiency is due to coal used during banking 
periods. Assuming even that banking losses with 
pulverized fuel are negligible, the inference is that 
pulverized-fuel firing can still show an efficiency of 
3 per cent in excess of modem stoker practice. Accord¬ 
ing to published figures, the Kearsley station is the most 
efficient in this country. The conclusion to be drawn 
from the paper is that its overall thermal efficiency 
might be increased by Ij per cent if the boilers were 
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fired by pulverized fuel. As an instance of extreme 
reliability I should like to refer to the pulverized-fuel 
plant at York Street Flax Mills, Belfast; this consists of 
a single boiler which has been in service since 1926 and 
has met aU the requirements of the mill. Any necessary 
reconditioning has been carried out during week-ends 
and ordinary public holidays, and it is doubtful whether 
any other plant could show a better reliability factor. 
Regarding the author's statement that completely 
water-cooled furnaces are only applicable to pulverized- 
fuel firing, while it is true that the steam-generator 
proper has so far only been operated with this system 
of firing, with the development of archless stoker settings 
the design of stoker-fired boilers is tending towards 
the same construction. The author's figure of 5 to 6 lb. 
per sq. ft. of steam per hour for the maximum rate of 
heat transfer is very conservative, and judging by develop¬ 
ments during the past 12 months 10 to 12 lb. per sq. ft. 
per hour would be perfectly reasonable and safe. The 
new-t 3 q)e pulverized-fuel-fired boilers now being installed 
at Brimsdown power station deal with 10 lb. of steam 
per sq. ft. per hour, and operate with air heaters only. 

Mr, E. B. Pausey: Three years ago we added two 
pulverized-fuel boilers to our stoker-fired boiler installa¬ 
tion. I felt some regret when this course was decided 
upon, because it seemed to me that a good deal of valuable 
experience accumulated during many years' operation 
of stoker boilers was going to be wasted. I had been 
led to believe that the new boilers would be so simple 
and easy to operate as to render previous experience 
superfluous, but within a week from the date when the 
new boilers were set to work I had reason to modify that 
opinion. Serious troubles were frequent, and we could 
never depend upon the toilers. As a result of successive 
improvements, however, we can now regard our 
pulverized-fuel boilers as one of the best assets of the 
station. We are able to bum at a high efficiency a very 
cheap grade of coal which does not exceed J-inch mesh 
and whose ash content is very high, often reaching 
30 per cent. '‘Birdnesting" was a frequent cause of 
outages in the early stages; it was found to be due to too 
high a gas velocity at the first pass. An entire cure of 
the trouble has been efiected by a drastic reduction of 
the height of the baffle in the first pass, and by careful 
attention to correct combustion conditions and the use 
of the soot blowers. The author refers to the desirability 
of slightly sloping the tubes in water walls so as to 
minimize risk of failure by bulging, but my experience 
is that vertical tubes are entirely immune from this 
trouble provided that the circulation is unimpeded. 
The existence of scale in these tubes, detrimental though 
it may be in other respects, does not cause bulging; 
indeed, I am of the opinion that to some extent it 
prevents this trouble. The essential point is t6 enable 
the steam to get away from the tubes as soon as possible 
after it has been formed. In view of the large amount of 
grit in pulverized-fuel boilers the grit arrestors should be 
placed in front of the induced-draught fan and as near 
as possible to the boiler, otherwise much trouble will 
be experienced from extremely rapid erosion of tiie fan 
and the ducts leading to it. The possibility of the 
pressure* parts of the boiler being slowly sand-blasted 
by the grit should not be overlooked by boiler designers. 


I have met with two instances of tube failures by erosion 
due to this cause, aggravated by improper arrangement 
of soot blowers. 

Mr. C. P. Parry (communicated): ThQ paper suggests 
that in this country, at any rate, the correct application 
of soot-blowing apparatus is a long way from finality. 
In my opinion this is due to the fact that every manu¬ 
facturer of boiler adjuncts makes himself responsible for 
the soot blowing of his own particular part; thus there 
may be as many as three‘different makes of soot blowers 
on the same plant. The critical parts of a boiler plant, 
from the soot-blowing point of view, are the super¬ 
heaters, economizers, and air heaters. No soot blowers 
can give the best results on any part of the plant unless 
the operation of these parts is on certain established 
lines. Soot blowing is a specialist's job, and it is satis¬ 
factory only when that specialist is allowed to treat the 
whole plant. I agree with the author that soot-blower 
operation, if it is to be fully effective in the maintenance 
of clean surfaces, is necessary at least 3 times in 24 hours. 
This applies more particularly to the rows of tubes 
nearest to the combustion chamber on which “ birdnest¬ 
ing " first forms. I cannot agree, however, that increas¬ 
ing the vertical or horizontal pitches of tubes near the 
combustion chamber has any effect in preventing bird¬ 
nesting in the first boiler pass. I also do not agree that 
the use of high steam-pressures necessitates more costly 
blower equipment. My firm have supplied blowers for 
pressures up to 800 lb. per sq. in. at the same cost per 
blower as for lower pressures. As far as I know, the 
only air compressor used for supplying permanent 
blowers in this country has cost as much as a complete 
steam-blower equipment for about six boilers, and that 
in addition to the cost of the air blowers themselves. 
Contrary to the author's view, I consider that feed 
make-up is not appreciably increased by a system of 
steam blowers which efficiently utilizes steam at a high 
pressure such as that in the main turbines. With regard 
to “birdnesting," the first deposit on an intemally- 
clean water tube is of a granular and friable nature, 
owing to the molten particles of ash being cooled below 
their fusing point before they can actually impinge 
upon the tube. If the granular deposit is blown off the 
tubes before it becomes so thick as appreciably to insulate 
the metal from the approaching molten ash, birdnest¬ 
ing never occurs. If the granular deposit is allowed to 
remain on the tube until it has attained sufficient thick¬ 
ness, further deposit collects in a fused state around it. 
An effective steam blower will, however, remove the 
birdnesting for at least two rows of tubes from the 
furnace, provided there is a granular layer in contact 
, with the metal. If a single water-tube were isolated 
in the middle of the combustion chamber, the ash 
would probably form in a fused state in intimate contact 
with the metal, and then a blower would have no more 
effect on it than it would have on ash fused solid with 
brickwork in a combustion chamber. It appears to me 
that the larger the amount of water-cooled surface 
exposed in proportion to the weight of gases and of 
incandescent ash approaching the surface, the more 
certainly will the ash be cooled below its fusing point 
before impinging upon the metal. Increasing the 
horizontal pitch of tubes next the combustion chamber 
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will reduce the cooling surface in the first row, and this 
will render the formation of fused ash near to the metal 
more likely. If the vertical pitch is increased, the cool 
zone created by the surfaces in the second row does not 
assist to the same extent in cooling the gas approaching 
the first row, and there is more tendency for fused ash 
to form near the metal in the first row. In the early 
days of the operation of the boilers, one of which is shown 
in Fig. 3, the blowers were only used in the hours of 
darkness, which meant intervals of 12 to 16 hours. 
Even under these conditions boiler No. 15 ran 6 weeks 
continuously under full load, and at the end of that 
period there was no sign of birdnesting in the pass, 
which was perfectly clean from the combustion chamber 
right up to the top, including the superheater. The 
boiler ran for another week with an overload, but could 
not steam any longer because the pass was then choked 
with birdnesting. Although the steam blowers were 
capable of removing the birdnesting from the lower two 
or three rows, they could not remove it from rows 
higher up; if the blowers had been used, say, every 4 
hours, the boiler would have worked indefinitely without 
trouble from birdnesting, even on overload. Birdnesting 
can only form on higher rows when the lower rows are 
foul, so allowing high-temperature gas to penetrate 
further up the bank. If birdnesting is allowed to form 
beyond the third row, blowers can only clean the lower 
rows so long as there are gas passages to blow through 
beyond the third row; but as soon as a portion of the 
pass chokes at the third or fourth row, the lower rows 
must choke also. On similar boilers, 4 ft. less in width, 
at a power station in the Midlands, the lower tubes 
have widened pitches to form a slag-preventing screen. 
Following the ideas expressed above, I fitted four blowers 
to the first pass of these boilers. Experience has proved 
that these are necessary, and that they must be used 
every 4 hours if there is to be no birdnesting. The 
deposit formed on a boiler immediately after banking 
periods is, in my experience, much more adhesive than 
that formed during ordinary steaming periods, and 


therefore the blowers for the second and third passes 
axe necessary. However, they need not be used so 
frequently as those on the first pass or on the economizer. 
I was interested in Mr. Robinson's remarks regarding 
the raising of the boilers at Lister Drive, and I agree 
that this alteration, by increasing the combustion space, 
would render the conditions somewhat less onerous for 
the steam blowers. The gas distribution is more uniform 
through the first pass, there is less intense bombardment 
of the tubes with fly-ash in certain zones, and the 
heavier particles drop on to the grate. I fitted nine of 
, these boilers with blowers, and there was no difficulty 
in preventing birdnesting—either on the one boiler 
working at 20 000 lb. per hour or on the eight boilers 
working at 40 000 lb. per hour. I recently fitted a 
set of sixteen blowers to one of the pulverized-fuel boilers 
at Lister Drive. The boiler has been steaming since 
the beginning of October 1931, and practically no hand 
cleaning has been done on it as no trouble from bird¬ 
nesting has occurred. The steam consumption of the 
blowers on this boiler amounts to 0*43 per cent of the 
weight of water evaporated, taking this as 126 000 lb. 
per hour.* Corrosion of air heaters is, in my view, 
almost entirely caused during lighting-up, or re-raising 
of steam, and it can be prevented; but if compressed-air 
blowers are used the corrosion will be greatly intensified 
and become uncontrollable. Some air heaters that I 
have been consulted about, on which air blowers were 
used during steaming periods, have had to be cut out of 
the plants owing to corrosion and choking. Unless a 
costly heating arrangement be incorporated in the air- 
compressor plant, the air must enter the boiler-gas 
passages at temperatures considerably below the freezing 
point of water. Finally, I should like to point out that 
the American figures for the operating costs of steam 
blowers are 4 to 5 times as large as those shown by 
many power stations in this country. 

[The author's reply to this discussion will be found 
on page 601.] 


Western Centre, at Cardiff, 14th March, 1932. 


Mr. J. B. J. Higham: In reports of boiler tests one 
not uncommonly finds a figure such as 90*47 per cent 
given for the efficiency, which suggests that an accuracy 
of measurement to at least 5 significant figures has been 
attained in all test work. This, I suggest, is absolutely 
impossible. The quantity which it is possible to deter¬ 
mine most accurately is without doubt the calorific value 
of the fuel. Experts of the Fuel Survey Laboratories 
obtain check results for the calorific value of carefully 
sampled coal to the third significant figure: e.g. a South 
Wales bituminous coal will have an average value of, 
say, 13 610 B.Th.U., subject to an error of ± 10 B.Th.U. 
The fourth figure may be 2, or 0, giving a possible 
variation of approximately ±0*076 per cent. Other 
quantities, e.g. pressure and temperature, obtained on 
a boiler test are subject to errors of at least ± 2 per 
cent. Boiler-test results will, in all probability, be 
correct to the second significant figure; 

Mr. A. Nichols Moore: The paper can be considered 


from two distinct points of view, namely that of the 
engineers who are responsible for specifying and in¬ 
stalling boiler plant, and that of those whose work it is 
to operate the plant. The author devotes himself 
almost entirely to the second alternative. I am sur¬ 
prised to find that he makes hardly any mention of 
capital charges, and it would be interesting to know the 
reason for this omission. Speaking generally, the experi¬ 
ence that has been obtained in this country with pul¬ 
verized-fuel installations has not been altogether happy. 
The available information relating to the latest installa¬ 
tions which are being put down in this country, including 
that at the station with which the author is associated, 
indicates that those competent to form a considered 
opinion have come to the conclusion that stoker-fired 
installations are to be preferred in this country. Many 
of the serious difficulties met with in connection with the 

* The steam used by effideat blowers is usually from 0*2 to 0*3 per cent of 
the weight of water evaporated. 
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use of pulverized-fuel plants in Great Britain have been 
the result of lack of experience on the part of those 
responsible, and lack of knowledge of the conditions over 
here—^particularly in regard to suitable coal—on the 
part of those who introduced the plants into this coun¬ 
try. There are one or two detail points in the paper to 
which I desire to refer. First, I should like to know 
why the cost of furnace brickwork for the Hams Hall 
station is omitted from Table 10. In Table 11 the 
author gives some particulars of maintenance costs for 
power-station boiler plant equipped with travelling- 
grate stokers. It would be interesting to know the date 
to which these statistics refer, as stoker-fired boiler 
plants of modem design give much higher overall 
thermal efficiencies than 79*41 per cent. In the station 
for which I am responsible the official test figure— 
correctly taken on a 60 000-lb. per hour unit equipped 
with chain-grate stokers, economizer, and primary and 
secondary heaters—was over 87 per cent. With regard 
to Tables 12 and 13, it is curious that the author does 
not take the trouble to work out the availability factor 
of the stoker-fired boilers. In the case of No. 3 station unit 
I find the availability factor to be of the order of 86 per 
cent (after making due allowance for the annual cleaning 
period); this figure compares very favourably with the 
particulars given in Table 12. In conclusion, I desire to 
make a brief reference to the possibility of the develop¬ 
ment of pulverized-fuel installations in the South Wales 
area. So far little has been done, and I believe that 
what has been achieved does not justify an optimistic 
outlook in regard to further developments. For my 
own part I am satisfied, after taking all possible factors 
into consideration, that a better case can be made out 
for stoker-fired installations. In the western area, how¬ 
ever, where exceedingly low-volatile coals are more 
generally available in the immediate vicinity, and where 
the use of the higher-volatile coals from the Monmouth¬ 
shire coalfields would add unduly to the cost because of 
transport charges, some development of the pulverized- 
fuel system may succeed, and we shall await with 
interest any progress in that direction. 

Mr. H. F. Reeman: I do not subscribe to the view, 
expressed on page 553, that the reliability of the large 
modem turbo-alternator and its auxiliaries has reached 
a degree far in advance of that inherent to the boiler 
unit. I suggest that the performance of the boiler unit 
is hardly comparable with that of the turbo-altemator, 
as during normal running periods the latter is not 
affected to any extent by the human element, and, given 
the initial and terminal conditions, there is little to 
worry about from the point of view of operation. For 
the boiler unit, on the other hand, the conditions are not 
quite the same: the temperature of the furnace is far 
higher than that of any part of the turbine, and, further, 
in the case of refractory-lined furnaces biirning fuels 
having low ash-fusion temperatures damage to the 
refractories can be readily brought about by any error 
in judgment in regard to operation. The fusing point of 
.the ash is usually the most important controlling factor 
of combustion, correct amount of 
excess air, labour of operation, and cost of furnace main¬ 
tenance, for a given design of furnace; this factor also 
has a bearing on the number of boiler shutdowns neces¬ 


sitated by brickwork failures. In the present-day 
design of boiler unit, however, incorporating water- 
cooled furnace walls and a covering of refractory-faced 
or plain cast-iron blocks in intimate contact with the 
tubes, boiler outages for brickwork repairs have been 
entirely eliminated. With regard to the pulverized-fuel 
system, this has been improved so much recently that in 
some cases it is now as efficient as stoker firing. I do 
not consider, however, that the pulverized system is the 
only successful method of burning fuel under boilers. 

Mr. J. W. Burr: It is interesting to note that in 
America most types of coals are supplied to the gene¬ 
rating stations as lump or run-of-mine, free from dust 
and smalls, the subsequent crushing and handling being 
designed to deliver a uniformly-graded product. This 
does not seem to me to be an economic proposition, as 
the higher cost per B.Th.U. in the coal would probably 
more than counteract any slight increase in furnace 
efficiency, due to uniform grading. In the pursuit of 
increased efficiency of steam power plant, steam pressures 
have been increased. At the present time 600 lb. per 
sq. in. seems to be regarded as the most economical 
pressure, taking into consideration the points mentioned 
by the author. The steam temperature will remain at 
its present value of about 800® F. until metallurgists 
produce a metal which will withstand a higher tempera¬ 
ture satisfactorily under working conditions. It is 
interesting to note that the Detroit Edison Co. are 
putting into commission a plant to operate with a steam 
temperature of 1 000® F. I think the author should 
have stated that the experimental plant to which he 
refers was made in the British Isles. His statement 
that travelling grates have reached a stage of develop¬ 
ment which permits their adoption for boiler units up to 
260 000 to 300 000 lb. per hour, is hardly correct in 
cases where coal with a low volatile content is used. 
With reference to the question of the elimination of the 
refractory in the combustion chamber (page 646), would 
not the volatile content of the coal again have to be 
taken into consideration ? Is it not possible that when 
burning coal with a low volatile content (say, 8 per cent) 
refractory blocks would have to be used for encasing the 
water wadis ? I am interested in the author^s remark on 
page 653: "Generosity in design does not necessarily 
mean an increase in first cost for a given capacity," and 
I should like to know under what conditions it is possible 
to obtain a boiler generously designed at the same fiist 
cost as the higher ratings. The chief object of the 
modem tendency towards higher rates of evaporation 
per sq. ft. of heating surface was, I had thought, that of 
reducing the first cost of the boiler. While I agree that 
in order to, obtain reliability and high thermal efficiency 
over long periods a generous apportionment of heating 
surface is necessary, it seems to me that the author's 
figure of 6 • 6 lb; per hour for the average rate of evapora- 
tion per sq. ft. of total water heating and evaporating 
surface at normal loads, is low. If this figure were 
adhered to we should need larger plant than is abso¬ 
lutely necessary for a given load. I should like to know 
the cost of compressed-air soot-blowing apparatus, as 
this seems to ofier greater possibilities than the stearii 
soot-blpTyer. Deal^ with pulverized-fuel fiiring, does 
the author prefer the bin-and-feeder system to the unit 
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system ? Although the unit system should cost less to 
install, is it not possible to more than cover the addi¬ 
tional annual charges on the expenditure by a reduced 
cost of milling? I am given to understand that the 
greater degree of flexibility of the bin-and-feeder system 
enables this to achieve a saving of as much as 3d. per 
ton of coal pulverized under certain conditions. The 
question of fuel fineness deserves further investigation, 
especially in connection with semi-anthracitic coals. 
Would any practical difficulty be experienced in obtain¬ 
ing a fuel fineness of 85 per cent through a mesh of 200 
to the inch ? 

Mr. S. M. Hill: In Table 3 (page 550) the loss due to 
carbon in the ash is given as 0*22 per cent. I should 
welcome the author's comments on this extraordinarily 
low value. Regarding reliability, I agree that too little 
attention is paid to the details of construction of modem 
boiler plant. While the boiler itself is usually sound 
mechanically, the importance of the design and lay-out 
of the combustion and gas side of the plant is too often 
overlooked. The question of how to lay out the plant 
so as to ensure ease of operation is of great importance. 
Turning to page 557, the ability of a clean boiler to pass 
its guarantee trial is no criterion of its maintained 
efficiency. I suggest that acceptance trials should take 
place towards the end of the maintenance period, and 
after the boiler has steamed about 600 hours since it was 
last taken off for sooting. Suitable chambers should be 
inco:^orated in the design to trap the flue dust, and 
facilities should be provided for its removal whilst the 
boiler is on load. Regarding soot-blowing equipment, a 
considerable amount of research on this t 3 rpe of appa¬ 
ratus is necessary, especially in the direction of stationary 
elements. All the valves should be operated from one 
position. As to the American practice of not fitting 
dumping gear to chain-grate stokers (page 568), my 
experience in operating this type of stoker shows that 
this practice is advantageous not only because of the total 
absence of dumping-gear maintencnce, but also owing 
to the saving in labour and losses consequent upon the 
elimination of clinkering. These gains are more than 
offset, however, by the “ carbon in ash “ loss. Unless 
the coal bums very freely, is consistent in grading and 
quality, and the air distribution is just right, it is im¬ 
possible to keep an even fire across the grate, and a very 
high ash-loss results. I should like to ask the author 
the following questions, (a) Has he any experience of 
burning 15 to 20 per cent volatile coal with archless 
settings ? (5) Has the trouble of superheater studs been 
overcome with the eccentric design of superheater box ? 
(^;) What is his opinion of the relative merits of plate and 
tubular air heaters from the operating point of view, 
especially with regard to the maintenance of a high heat- 
transfer rate ? Is any trouble experienced in 
keeping gilled-tube economizers clean ? 

Mr. F. Heslop: I note that it is becoming recognized 
that, in order to prevent “ birdnesting," the change in 
gas velocities leaving the combustion chamber should be 
gradual. This is accomplished by varying the pitch of 
the lower boiler tubes so as to form an anti-birdnesting 
screen. Quite recently I came across a case of bird¬ 
nesting on marine boilers: samples renioved for analysis 
were found to contain soda ash. This cause is often 


aggravated by dirty tubes which overheat the tube plates 
' causing slight moisture at the tube ends, which forms a 
film of soft sodium chloride. On their passage through 
the tube some of the fly ash or small unburnt particles of 
carbon adhere to the soft scale, and very soon this 
accumulates, choking the tubes. Feed water would 
possibly cause or aggravate birdnesting. With regard 
to the fuel used in the author's test, I should like to 
know whether any experiments were carried out with 
low-volatile Welsh coals, and whether the question of 
birdnesting has arisen under these conditions. In deal¬ 
ing with “ cauliflowering " the author describes a diffi¬ 
culty experienced on chain-grate stokers using preheated 
air at a temperature of 400 to 500° F. In marine 
practice it is usual not to exceed an air temperature for 
combustion of about 350 to 400° F. with mechanical 
stokers. The word “cauliflowering" is likely to be 
misunderstood, as in South Wales it is used to describe 
the opening-up of the coals on burning. This feature is 
characteristic of Welsh coals when they are being burnt 
to the best advantage. 

Mr. B. L. Price: The inference to be drawn from 
page 543 and other parts of the paper is that the 
boiler plant is an isolated unit, and that so long 
as it transfers a certain fraction of its heat to the 
steam the potential value of that heat can be dis¬ 
regarded. I contend, however, that the electrical 
engineer must consider the boiler from the thermo- 
djmamic point of view. He must correlate what I 
would term “ calorific efficiency " with its value in the 
heat cycle; hence also, from a curve of maximum thermo¬ 
dynamic boiler efficiencies at various pressures, the 
optimum pressure could be decided. I consider that 
the true basis of comparison between two boiler plants 
is ^ (x, y), where x = calorific efficiency, and y = value 
of the heat in the steam cycle. Such functions could be 
reduced to terms of capital cost.* With regard to the 
disposition of the plant, the author prefers the econo¬ 
mizer and preheater arranged behind—not on top of— 
the boil^, and he has an open mind upon the question 
of parallel or perpendicular lay-out of the boilers relative 
to the turbine house: it seems to me that both these 
questions, and also that of boiler rating, are factors in 
the larger question of boiler compactness in relation to 
turbine plant. Each case must be decided on its own 
merits. Steam-transmission losses are an important 
factor in this connection, the variable-other quantities 
remaining constant—-being the length of straight pipe. 
The absolute value of these losses can be computed in 
terms of the heat cycle.f 

Mr. B. K. Regan: The lay-out of modem steam- 
raising plants involves the question of what capital 
esgpenditure ik permissible in order to reach the very 
high boiler-plant efficiencies now in vogue. It is not 
generally possible to obtain the overall cost of steam 
production of such plants, including overhead and main¬ 
tenance charges, although the fuel cost per unit is 
sometimes available^ More generally, however, the coal 
consumption per kW is stated: this does not tell us very 

.* See A. L. MeX/Lanby aad W. Kerr; “The Use and Economy of High- 
ftessure Steam-Plants,** Proceedings of the Imtitwtion of Mechanical Engineers, 
1927, voL 1, p. 63; also K. Baumann: “ Some Considerations Affecting the 
Future Development of the Steam Cycle,’ ’ ibid., 1930, vol. 2, p. 1305. 

_ t F. Carnegie; “ The Economical Production and Distribution of Steam in 
I^ge Factories,’’1930, yol.:l,^ 
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much. Is it not possible that the attempt to reach 
higher boiler-plant efficiencies may be offset by the higher 
capital charges, increased maintenance expenses, and 
increased power for auxiliaries ? The American formula 
that " if good-quality coal is obtainable at 4 dollars per 
short ton and the load factor is not 60 per cent, the 
increase in capital charges may more than offset the gain 
in high efficiencies resulting from the adoption of the 
higher pressureswould appear to apply both to the 
lay-out of the plant and to the working pressure. This 
question must necessarily be affected by the capital cost 
per kW of plant installed, which appears to vary from 
£24 to £12. In reference to this point a specific case can 
be quoted where the adoption of air heaters (which cer¬ 
tainly would have improved the efficiency of the plant 
by some 2J- to 3 per cent) was found to be inadvisable, as 
the cost was offset by the capital charges and main¬ 
tenance charges. As this country generally enjoys a 
relatively cheap supply of fuel, there must obviously be 
a limit to which the heat-recovery process can be carried 
before it actually becomes a loss, as the final figure is the 
total cost of steam production. The efficiency to be 
considered, therefore, must necessarily be commercial 
efficiency. The author’s reference to American coal 
supplies is of interest. It is usual for run-of-mine coal 
to be supplied, but this is a contentious point as the 
receiver demands that he should receive the coal already 
prepared, whilst the supplier argues that preparation for 
any particular purpose is the responsibility of the user. 
The reduction of run-of-mine coal to a serviceable con¬ 
dition for stoker firing by means of crushing, adds a 
further charge to the cost of coal. Coal crushing does 
not, however, result in a uniformly graded product: it 
•produces approximately 50 per cent fuel of duff size plus 
anything up to 2 in., depending on the fineness of 
crushing. Modem coal-preparation methods in use in 
this country give the coal user a fuel graded to suit the 
particular purpose for which it is required. In connec¬ 
tion with machine-stoker practice, it is found that, 
owing to uniformity of burning, absence of segregation, 
etc., a uniformly-sized fuel will give much better results 
than a fuel from, say, Ij in. downwards. The author’s 
statement that a correctly-designed boiler plant would 
elinoiinate or reduce grit and fly-ash deposits and emis¬ 
sion, is very sound. This nuisance appears to be more 
acute where furnace volume is limited in the endeavour 
to obtain the highest possible evaporation from the 
least possible space occupied by a boiler unit. A study 
of the velocities along the gas track through the boiler 
would no doubt prove to be very interesting. The use 
of compressed air for soot-blowing purposes is not new. 
Prior to the use of fixed soot-blowing elements com¬ 
pressed air was used in place of the old-type steam 
lance; this, however, was a matter of convenience 
rather than of economy, as it was found that a com¬ 
pressed-air hose and line was much more readily handled 
than a hot metallic hose;, and consequently tube sweeping 
was carried out more conscientiously. It is difficult to 
believe that the Nation^ Electric Eight Association 
were able to show a saving of 27*6 per cent in favour of 
ponapressed air. I should have thought that steam 
sweeping yrould have been cheaper, because the steam is 
a raw product, whereas compressed air has to be manu¬ 


factured, at a cost which has to allow for all the 
motor, main-condenser, and compressor losses. Regard¬ 
ing the difference between American and English stoker 
practice in the provision of dumping gear, the American 
figures for combustible-in-ash loss are not so good as 
those generally obtained in this country. From obser¬ 
vation of American-type stokers operating in this 
country it would appear that—although dumping irons 
are not fitted—^the last few feet of the chain grate are 
inoperative from a combustion point of view, and an 
additional area of grate has to be purchased to complete 
the burning down, whereas on the British system the 
whole of the grate area is actively employed and the ash 
works its way over the dumping irons. The main¬ 
tenance cost of dumping irons, given a reasonable 
design, is not formidable, and at least 2 years’ service 
can be obtained from a set before renewals are necessary. 
The author’s experience with preheated air, and the 
effect of the latter on certain coals, form the most inter¬ 
esting part of the paper. It has been customary, for 
want of a better term, to describe the opening-out 
characteristic of Welsh coals as " cauliflowering.” In 
view of the author’s experience with other coals and his 
definition of ” cauliflowering,” this expression does not 
appear to be correct when applied to Welsh coals. The 
opening-out characteristic of Welsh coals is a valuable 
asset, as, contrary to the experience of the author with 
other coals, it has the effect of aerating the fuel bed and 
rendering it extremely porous; whereas the phenomenon 
described by him has a directly opposite effect. 

Mr, J. S. Evenden: An important practical advan¬ 
tage of pulverized-fuel firing which is not mentioned by 
the author is the ability to cut off instantaneously the 
source of heat supply to the furnace. This is a valuable 
feature in case of emergency, particularly with large 
units. In regard to damage to superheater elements 
during steam raising, this is likely to occur in either the 
single-pass or multi-pass arrangement unless steam is 
passing through the tubes, and the author’s proposed 
method of supplying this steam from a saturated bus¬ 
line and returning it to the main superheated-steam 
range is of particular interest. In regard to super¬ 
heater-element supports, the author will perhaps agree 
that there are now available heat-resisting steels which 
have proved thoroughly satisfactory for this purpose, 
and it is therefore scarcely necessary to go to the length 
of devising air-cooled supports. 

Mr. C. G. Morley New ^communicated ): The author 
appears to have a bias in favour of pulverized-fuel firing, 
at least for large boiler units. I should be interested to 
know the lower limit of size which he places to the 
advantage of pulverized fuel over mechanical stokers. 
He states that pulverized-fuel fixing is temporarily out 
of favour, a fact at which one cannot be surprised, seeing 
that at first great stress was laid on the fact that it 
could be used for low-grade fuels, and that no trouble 
could possibly arise from dust. We now find that good 
and consistent fuel is necessary for first-class perform¬ 
ance, and -tbat the dust problem can only be solved by 
additional costly equipment. I agree with the author 
when he states on page 546 that what really matters is 
the overall cost of steam production. We hear quite a 
lot nowadays about thermal efficiency, but very little 
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about the total cost of production, including the large 
item for capital charges. Under the national scheme, 
however, we shall shortly hear more about the total cost 
of generation. With regard to the efficiency of 90*47 
per cent given in Table 3, it would be interesting if the 
equivalent power absorbed by auxiliaries were deducted 
in order to compare this with the net boiler efficiencies 


given for a stoker-fired installation in Table 5. I should 
be glad to have the author's views on the subject of 
pulverized-fuel firing with the low-volatile coals we have 
available in quantity in this area, where the problem is 
to bum efficiently coals with 10 to 12 per cent of volatiles. 

[The author's reply to this discussion will be found 
on page 601.] 


East Midland Sub-Centre, at Loughborough, 22nd March, 1932. 


Mr. F. H. Pooles: The paper proves conclusively 
that powdered-fuel firing on modem lines is more 
reliable, more efficient, and easier to handle, than other 
types of stoking, whilst its cost is comparable with those 
of other t37pes. There has been a great deal of progress 
in the last 5 years in the design and lay-out of powdered- 
fuel plant, and there are now very few engineers who 
would voluntarily go back to stoker plant after they 
had had experience of powdered-fuel firing. I do not 
support the author in his preference for the bin-and- 
feeder system. Why does he think it necessary to store 
powdered fuel? In my opinion the unit system is far 
in advance of the bin-and-feeder system. For large 
boilers having several milling units, there is certainly no 
necessity for the storage of powdered fuel. By omitting 
from the plant any provision for storage of fuel we can 
considerably reduce the maintenance charges, owing to 
the absence of air and coal lines, cyclones, screw con¬ 
veyors, etc. Operating labour is also reduced to a 
minimum in this way, whilst the design of the boiler 
house is simplified. The unit system is quite as effi¬ 
cient as the old-fashioned bin-and-feeder system. Re¬ 
garding the rate of evaporation per square foot of heating 
surface, the author's figure of 6 • 5 lb. per sq. ft. per hour 
is very conservative. Figures of 20 lb. per sq. ft. per 
hour for normal running and a maximum of 30 lb. per 
sq. ft. per hour for overload rating are being obtained 
daily in a central station not far from here, without 
excessive gas speeds. Referring to Table 12, the author 
seems to have been unfortunate in regard to his experi¬ 
ence with the superheaters installed at his station. 
Superheaters of the same type of which I have had 
experience have given no trouble except for slight burn¬ 
ing of the supports, and this was remedied by the use of 
a better class of heat-resisting metal. It is interesting 
to find that the milling plant operated satisfactorily. 
Could a stoker-fired station show similar results? Brick¬ 
work seems to be the most fruitful cause of boiler outages. 
In this connection the ideal to aim at is to keep all 
refractory material away from the action of the intense 
heat, and, if possible, to design the combustion chambers 
in such a way that they are completely covered with 
water tubes. My experience has been that spaced-tube 
construction gives the best all-round results a;nd the 
least trouble. It is less expensive to install than other 
types of water-cooled combustion chambers, and it will 
deal with any t 3 pe of fuel likely to be met with in this 
country. The author's method of protecting the super¬ 
heaters during the period of pressure-raising is ingenious, 
but unless some system is adopted to ensure that one of 
the valves on the steam drum is not inadvertently left in 
the closed position, there is a danger of burning out the 


superheater. I agree with the author's contention that 
most of the dust-emission trouble can be eliminated. If 
in the design of the boiler special attention is given to 
the speed of the gas, a large proportion of the dust can 
be deposited before it reaches the dust catchers. 

Mr. W. Warren: I should be glad if the author would 
state the working pressure of Boiler No. 15, which is 
variously given as 376, 398, 380, and 373 lb. per sq. in. 
in different parts of the paper. Mention is made of a 
device for extracting the pyrites from the coal at the 
mill. I do not understand why in the first test 7 351 lb. 
of pyrites were extracted from the mill, whereas in the 
second test—over a similar period—705 lb. were ex¬ 
tracted from coal of higher sulphur content. The figure 
of 3*3 per cent given for the total moisture content of 
the coal is very low. If, as is stated, the coal left the 
mill at the high temperature of 143® F., I think that, 
with a total moisture content of only 3 * 3 per cent, some 
of the lighter hydrocarbons would be driven off. The 
test figure for combustible in the ash (less than 1*0 per 
cent) is particularly good for a pulverized-fuel-fired unit 
over a period of 100 hours. No mention is made, how¬ 
ever, of how and where the ash is collected. 

Mr. F. Dransfield: The station with which I am 
connected has similar milling equipment to that described 
by the author, and we have the additional difficulty of 
very poor coal (about 9 000 B.Th.U./lb.) to contend with. 
Will the author give further particulars of the alterations 
to the mills and ducting which he has found to be effec¬ 
tual ? We cannot reduce our consumption below 16 to 
16 kWh per ton, at a fineness of 80 per cent through a 
100 I.M.M. mesh. I am in agreement with the author's 
remarks about the necessity for a radical change in the 
design of superheaters. Our boilers are fitted with 
superheaters of the type he describes, except that they 
are placed between the boiler tubes, the boilers being of 
the semi-vertical type. At first we did not get the 
required superheat temperature of 800° F., but by 
pushing the superheater forward until the front legs are 
directly exposed to the furnace, and are virtually func¬ 
tioning as a radiant superheater, we have reached that 
figure. This is not a desirable way of overcoming the 
difficulty, as although the tubes are standing up to the 
conditions they are sagging slightly between the sup¬ 
ports. Ordinary heat-resisting steels have not proved 
suitable for these supports, but Hadfield's " Era " steel 
is proving satisfactory. The original mistake lay in 
adopting the inter-tube type of design for the super¬ 
heater. I think that the boiler tubes had a cooling effect 
on the superheater, since they were only about 1 inch 
away from it. Superheaters should be put into a special 
chamber of the boiler, where they are not cooled by the 
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boiler tubes, and where there is some control over either 
the temperature or the quantity of gas circulating round 
them. An inter-tube superheater increases the ten¬ 
dency to slagging or " birdnesting in the first pass of 
the boiler. We have not had very satisfactory experi¬ 
ence with an air heater of the parallel-plate type, possibly 
because this particular heater is rather heavily rated. 
With more conservative ratings the type should be 
successful. The Ljungstrom air-heater is especially 
suitable for pulverized-fuel working, as it is practically 
self-cleaning. Our experience of this device has been 
very happy. Soot-blowing by air appears to offer 
advantages over steam soot-blowing, particularly in 
conserving valuable distilled water, and in preventing 
condensation in the later stages of the boiler unit. We 
are operating with automatic control, an essential 
feature if one is to take full advantage of the controlla¬ 
bility of pulverized-fuel boilers. The variable-speed 
commutator motors used for the main fans have run for 
over two years without trouble. Their high power 
factor is an advantage, and owing to the excellent 
control and the fact that the fans run most of the time 
below their maximum speed, they are very suitable for 
this work. Auxiliary consumption on low loads is 
therefore very low. Fan wear, one of the boiler-house 
engineer's most recent troubles, is aggravated by con¬ 
stant fan speed and damper control. A variable-speed 
motor or geax on a fan will reduce fan wear considerably. 
Designers should concentrate on reducing the necessity 
for taking boilers out of service for cleaning. One 
cleaning a year should be sufdcient; as units grow in 
size the necessity for continuous availability will in¬ 
crease. Proper water control has made it possible to do 
without internal cleaning for longer periods than this: it 
now remains to overcome the slagging and wall-erosion 
difficulty. Our experience with preheated air on chain- 
grate stokers has been similar to that of the author. 
Where the hot air passes through both forward and 
return parts of the chain, there is no difficulty up to 
350® F. Where the stoker is so designed that the air 
passes through the upper part of the chain only, hot am— 
even at 150® F.—-cannot be used, and as the grate enters 
below the coal hopper its temperature reaches 500® F. 
As a result the layer of coal in immediate contact with it 
becomes carbonized, and, we get coking or “ cauli- 
flowering." 

Mr. D. H. Brown: I should like to refer first to the 
author's prophecy that the retort-type stoker is likely 
to come to the fore as an alternative to pulverized fuel. 

I can best express my objections to the use of this type 
of stoker by quoting the remark (page 566): No 

moving parts, driven either from the moving grate sur¬ 
face or by external means, should be employed for the 
removal of riddlings or fines. These can be. removed 
without such risk-engendering complications." The 
rods and spindles in the air box of a retort-t 3 rpe stoker 
are likely to cause trouble when they are acted upon by 
the riddlings and ^es, and in my view the plant in¬ 
stalled should be capable of being maintained at the 
lowest possible cost. One retort stoker I saw some years 
ago was in such a bad state that about 25 per cent of the ■ 
total fuel fired found its way into the air chamber belpw. ‘ 
It was therefore necessary to stop the stoker every 2 


hours and remove this coal. While the retort-type 
stoker is efficient when maintained in good condition, 
and can take up the load very quickly, its banking losses 
appear to be much higher than those associated with a 
chain-grate stoker. Although the author indicates that 
it would be advantageous to install electrical equipment 
for stoker drives, he complains about the first cost. A 
variable-speed (or commutator-t57pe) motor costs about 
150 per cent more than a slip-ring motor, but when the 
price of the gear box is added to that of the slip-ring 
motor the difference between the costs of the two sys¬ 
tems is not too much, considering the extra efficiency 
gained by the better control of the stoker speeds. Turn¬ 
ing to the author's figure of 5*5 lb. per hour per sq. ft. 
of heating surface for the average evaporation, I suggest 
that it is quite safe to work at about 7 lb. per hour per 
sq. ft. I am doubtful as to the safety of higher figures, 
except, of course, in the case of steam generators. As 
to the suggestion that 35 lb. per hour per sq. ft. of grate 
area is. a reasonable combustion rate, a very efficient 
Lancashire station is at present working at about 22 to 
23 lb. per hour per sq. ft. Would the author state what 
he considers to be a reasonable figure for a plant working 
without preheated air? Mr. Dransfield referred to air 
heaters, and I note that the author recommends that 
these should have no moving parts. My own experience 
of both types of air heaters makes me disagree with the 
author on this point: I should choose an air heater of 
the Ljungstrom t57pe. 

Mr. S. J. AJULwopd: I should like to ask the author 
at what load factor ithe pulverized-fuel plant referred to 
on page 550 is operating. Also, what is the load factor 
of the Deptford West (stoker-fired) station ? With 
regard to the evaporation rating of the boilers, my 
experience to a great extent supports the author's re¬ 
marks, and, considering the cost of steam production in 
conjunction with thermal efficiency, I think the figure of 
5'5 lb. per hour per sq. ft. is a reasonable one. Tumiag 
to combustion-space design, what heat-release figure 
does he suggest for stoker-fired plant? In my opinion 
35 000 B.Th.U. per cub. ft. is a reasonable figure. With 
reference to the question of reliability of plant, my 
attention has been called to a plant with stoker-fired 
boiler which has operated for the maximum period 
allowed by the Home Office—14 months-—without 
coming out of service. This demonstrates that in this 
respect mechanical stokers are in no way behind pulver¬ 
ized fuel. I have three examples of this class of boiler 
which have been running for 4 years, and we have never 
yet taken one of these boilers off the line owing, to a 
stoker failure. Referring to the fibres of maintenance 
cost, 19'fid, per ton for the pulverized-fuel plant is 
justified, considering that the figures are now somewhat 
lower. However, I can show a figure of 10 • 2d. per ton 
for a stoker-operated boiler, which compares well with 
the figures for the stoker-fired plant dealt with in Table 
11. The stoker maintenance for that plant costs 6 • 45d. 
per ton, compared with l-72d. per ton for the stoker 
plant I have in mind. The stoker^operated plant of 
Table 11, therefore, is perhaps not the best to judge by. 
The author states that chain grates are uneconomical in 
first cost for boilers rated at more than 200 000 lb. per 
hour; what would be the comparative figure for the 
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bin-and-feeder system to which he refers ? I should be 
glad of an explanation of the very large variation shown 
in the coal-preparation costs of Table 15. Is it neces¬ 
sary to choose the fuel to be employed for powdered- 
fuel firing ? Almost any kind of fuel can be burnt on a 
stoker. The maintenance cost of retort-t37pe stokers is 
somewhat prohibitive, and they do not readily bum a 
fuel with a low volatile content. On the other hand, 
they are very flexible in operation, control is maintained 
over the whole of the fuel bed, and an arch or suspended 
roof is not required. 

Mr. L. M. Jockel: The essential characteristics of 
modem boiler plant are low cost and'high commercial 
efi&ciency. I am inclined to think that in the past 
thermal efficiency has been made something of a fetish. 
Referring to page 546, the efiSciency equation given 
really takes into account the commercial aspect of the 
question, as distinct from the thermal efficiency of the 
boiler units. I should like to point out that the main¬ 
tenance figures for the Hams Hall station (page 522) are 
hardly comparable with those for other plants, as this 
station only came into operation comparatively recently. 
The maintenance cost for furnace brickwork given in 
Table 11 is very high; I suggest that it should not 
exceed 3d. per ton. I know of one or two plants which 
are aiming at a figure of Id. per ton of coal burnt. On 
the same page the author discusses the question of 
reliability, and refers to the fact that lack of attention 
to detail in design or construction is often the cause of 
unreliable operation. In this connection I should like 
to say that in many cases the trouble has arisen through 
lack of co-operation between the people who design and 
make the plant, and those who have to operate it. Does 
the author regard as desirable a heat-transmission rate 
of 100 B.Th.U. per min. per sq. ft. of boiler heating 
surface, and would he favour a heat liberation of 5 000 
B.Th.U. per min. per sq. ft. of grate area for mechanical 
stokers ? As to the period bf test, would' any experi¬ 
enced engineer agree to anything below 8 to 10 hours? 
In my opinion a 24-hour test period is desirable. On 
page 558 there appears a surprising statement to the 
efiect that no special apparatus for grit extraction should 
be necessary, and I should welcome further information 
in support of this view. I am particularly interested in 
the author’s reference to the inefficiency of the average 
steam-blower, as I have for some years advocated the 
use of compressed air. I suggest that soot blowers 
should be machine-operated and not hand-operated, in 
order to avoid staccato action. With regard to super¬ 
heaters, has the author had any experience with inde¬ 
pendently-fired units? My experience of independent 
superheaters has been a happy one, and it would appear 
that a case could often be made out for having a per¬ 
centage of independently-fired superheater units along 
with integral units in a power station. I should like to 
ask the author for his views on the possibility of doing 
away with air-heater ducts (page 568) and utilizing a 
heat carrier in pipes, which would convey heat from tiie 
heating unit and transmit it to a receiver unit. Some 
iiine years ago I was engaged upon pioneer work in 
connection with the regenerative type of preheater when 
it was first introduced into this country. My experi¬ 
ments dealt with air at temperatures between 400® and 


500® F., but I agree with the author “that a temperature 
of from 300® to 350° F. is the optimum figure for mechani¬ 
cal-stoker plant. With regard to the lay-out of boiler 
plant, I should like to emphasize the importance of 
cranes or runways for lifting heavy parts of the gear 
over the tops of boilers. No permanent provision is 
usually made for this in boiler houses, and temporary 
tackle has generally to be rigged up for carrying out 
repair work. The slight extra capital cost of per- 
rnanent lifting equipment is repaid in a few years of 
operation. 

Mr.R, H. G'ummer: The outstanding feature of the 
paper is the vindication of the claim made by the de¬ 
signers of pulverized-fuel firing equipment with regard 
to operating reliability. The information given in the 
paper tends to confirm the prediction that the plant of 
the future will have pulverized-fuel boiler units of from 
500 000 lb. per hour capacity upwards, housed in one 
building with the turbine unit under the supervision of 
an individual operator, the plant being controlled auto¬ 
matically. The paper is incomplete in that the author 
omits to state what he really thinks is the best type of 
boiler plant to install. With regard to the permissible 
evaporation per square foot of heating surface, as Table 
12 contains no record of the loss of even a single hour’s 
steaming on account of tube failure, although the tubes 
in question regularly evaporate 25 to 30 lb. of steam per 
hour per sq. ft. of heating surface, I should Hke to ask 
how the author arrives at such a low figure as 5^ lb. per 
hour per sq. ft. of heating surface for his ideal design. 
Another point associated with Table 12 is that of boiler 
outages. The fact that most of these are due to causes 
in no way connected with the pulverized-fuel machinery 
or equipment, suggests that we are approaching the 
ideal of continuous service, i.e. of having a boiler unit 
continuously on the line from the period of one boiler 
survey to the next. I' should like to ask the author for 
his observations on this feature. With regard to the 
important part of the paper dealing with dust emission, 
little reference is made to the cyclone dust-eliminating 
equipment installed on the large pulverized-fuel plant at 
Barking, and I should therefore welcome information as 
to its efficiency and any special difficulties encountered 
in connection with it. 

MTi J. F. Peck: The difficulty of maintaining the 
fineness of the pulverized coal with the crushing roller 
type of pulverizer also affects the high-speed impact and 
a'ttrition mill commonly used in this country. As the 
pegs of this device become worn, the coal gets coarser. 
It appears that we have overlooked the good qualities of 
the ball or tube mills with air separation, which main¬ 
tain a uniform fineness over long periods. Troubles due 
to wear are overcome by adding more steel balls while 
the equipment is running, a,nd the maintenance charges 
of this t37pe of mill are low. The greater degree of fine¬ 
ness miade possible by the ball of mill results in 
more rapid and complete combustion, a shorter flame, 
and less slagging; One large American station using 
these mills reports a consumption of about 10 kWh per 
ton of coal, although the coal is ground much finer than 
in this country. It appears to me that by using an 
efficient regenerative air heater one could dispense with 
the economizer, the feed heating being carried out more 
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economically by stage bleeding. This would improve 
the overall efficiency of the plant, and the boiler plant 
would be simplified. The high preheater temperature 
favours the complete water-walled furnace and the com¬ 
bustion of low-grade fuels. Regarding boiler ratings, I 
have had some experience of Naval boilers in which 
evaporations of 20 to 25 lb. of water per sq. ft. of heating 
surface per hour are common. Compressed air for soot 
blowers has been used in the Navy for many years, 
because of the loss of water associated with the steam- 
jet type. 

Mr. F, Nicholls: The figure of 76 per cent for boiler- 
plant efficiency, which represented first-class practice in 
1924, had shown no material increase for a period of 
some 20 years prior to that time. It may therefore be 
claimed that the advent of pulverized-fuel firing, and 
the stimulus applied in consequence to all forms of 
firing equipment, have effected an increase in efficiency 
of at least 10 per cent in the short period of 6 years. 
The plant which the author has operated appears to be 
very similar to our own, and his experiences seem to 


go hand in hand with ours. Regarding the troubles 
which he has experienced with his pulverized-fuel-fired 
boilers, I note that he attributes the major proportion to 
refractory-lined combustion chambers. It must be 
borne in mind, however, that in consequence of the 
recent large increase in the size of steam-raising units, 
refractory troubles are not confined to pulverized-fuel- 
fired units. The increase in the size of combustion 
chamber, together with the more severe conditions im¬ 
posed by increased evaporative ratings, render these 
troubles inevitable with any tj^pe of firing equipment. 
The evolution of the all-steel tube combustion chamber, 
in conjunction with the modifications in the dispensation 
of the heating surface, has, however, now reduced these 
troubles to the point of almost entire elimination so far 
as pulverized-fuel firing is concerned, and in this direc¬ 
tion it would appear that the only restriction imposed 
on the size of units for this system of firing are of a 
manufacturing nature. So far as stoker equipment is 
concerned, it would appear that the breakdown hazard 
will increase in direct proportion to the size. 


Additional Communication to the Discussion. 


Mr. E, L. Damant (Natal; communicated): The 
author appears to be very favourably impressed with 
pulverized-fuel firing for steam-raising purposes, but 
makes little mention of the disadvantages, which are 
now well known. The cost of milling is quoted in 
several instances, but this varies within such wide limits, 
viz. 6 cents per ton to 66* 9 cents'per ton (neglecting the 
cost of electrical energy) in America, that it appears to 
be impossible to draw any conclusions from the figures 
quoted. The author’s estimated cost of 3d. per ton on 
page 575 presumably excludes the cost of electrical 
energy, but, even so, it is an extremely low figure. 
This figure will naturally depend upon the daily output 
of the mills, and, in comparing the cost with those 
obtaining in other countries, it is necessary to know the 
cost of the major items of renewal, such as the bull ring 
and the rollers. I should be glad if the author would 
supply these figures. I have experienced much the same 
troubles with the Raymond mills and have solved them 
in a very similar manner. A life of 20 000 tons from a bull 
ring is easily possible, and I expect to increase it shortly. 
The fineness of the coal produced is such that 95 per 
cent will pass through 100 mesh (Tyler standard). These 
mills have a rated capacity of 6 tons per hour and the 
results obtained therefore compare very favourably with 
those from the 15-ton mills quoted by the author, 
viz. 40 000 tons per ring. Dust-extraction processes are 
now sufficiently efficient, so that the possibility of trouble 
due to this cause is remote. The cost of these processes 
for capital, operation, and maintenance, must, however, 
be appreciable and will vary very considerably, depending 
on circumstances. I have not seen figures of cost for 
this work and it would be interesting if some could be 
Once the ash or dust is extracted the disposal 
is by no means a simple matter; here, again, information 
on the subject would be of considerable value. Against 
these costs, however, we have the saving in stoker main- 
tenance and furnace-brickwork maintenance. The latter 
itemds quite appreciable in the older types of pulverized- 


fuel furnaces where the “fraction cold” amounts to from 
0-6 to 0*75. In the newer types, however, where the 
fraction cold is practically 100 per cent, this item of 
cost has been almost eliminated. Flexibility m opera¬ 
tion is a very real advantage, but the savmg in standby 
or banking losses is not so great as is generally assumed. 
Lighting-up losses axe considerable and might offset the 
gain during banking periods. It must be remembered 
that during pressure-raising periods combustion is 
extremely inefficient and that if a standby boiler is 
continually being brought up to pressure a serious loss 
might result. The test results shown in Tables 2 and 3 
respectively are interesting. The heat balance in Table 2 
shows a loss due to combustible in the ash of 1-32 per 
cent, which is a very good figure for that type of burner 
and furnace. The corresponding figure in Table 3, 
however, shows a heat loss of only 0*22 per cent. This 
figure is exceptionally low and has not, I think, been 
equalled an 3 rwhere for similar boiler plant. The author 
does not state the degree of fineness of the fuel that 
was used in the two tests, nor does he state what modi¬ 
fications, if any, were made to procure such an excellent 
improvement in combustion. I should be glad to know 
how this loss was measured in the tests, and by what 
means the improvement was effected. Although the 
author states that the energy consumed by the auxiliaries 
should be debited against the boilers, this has not been 
done in the tests under discussion, and in this respect 
the energy consumed by the auxiliaries in the coal- 
preparation plant should also be debited against the 
boiler house if any comparison is being made with the 
results from stoker-firing. The results in Tables 3 and 5 
are, as the author states, not comparable, but their close 
proximity in the paper inclines the reader to make a 
comparison, and, indeed, it seems almost impossible to 
compare the efficiencies of the two methods of firing 
because aU the items of loss in the heat balance-sheet 
depend either upon the quality of the coal (moisture, 
ash, etc.) or upon the size of the heating surfaces of the 
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air heater and economizer (uptake losses) or the size of 
stoker and furnace volume (combustible-in-ash loss). 
The only possible comparison is that of two similar 
plants of equal capital cost burning the same quality 
of coal, and it is almost impossible to obtain such a 
comparison. With regard to the low loss reported in 
Table 3, it appears that the heat liberation of 16 000 
B.Th.U. per unit furnace volume is about equal to that 
obtaining in other plants of similar furnace and burner 
design, but Fig. 3 seems to indicate that the furnace is 
not of similar dimensions to those of which I have 
knowledge. It is apparent that combustion will depend 


upon the relations between the width, length, and height 
of the furnace, and I should be glad if the author could 
furnish these dimensions as well as the distance of the 
centre line of the burners from the front wall. I heartily 
concur with him that far too little attention has been 
paid by designers to the question of the control of 
boilers. It might be accepted as an axiom that the 
more accessible and flexible the control the greater is 
the efficiency in operation. Frequently the services of 
an additional operator might be dispensed with, and 
a little capital expended on controls will give a remun¬ 
erative return. 


The Author’s Reply to the Discussions at London, Manchester, Liverpool, Cardiff, 

AND Loughborough. 


Mr. J. Bruce (m reply ): In the first place I have to 
thank the many speakers who have supplied, in addition 
to constructive criticism, statistics and data which 
form a valuable supplement to the paper. 

The points raised in the discussions were many and 
varied, and where it has been impossible to reply collec¬ 
tively I have done so individually. 

The point which appears to have aroused the greatest 
controversy is in the suggested rating per square foot 
of evaporative heating surface. I feel that the views 
expressed in the paper on this subject have not been 
fully understood. When I suggest that the normal 
rating should be 6 • 5 lb. of water per square foot per hour 
of evaporative heating surface I refer distinctly to the 
older and usually-accepted form of boiler design; 
e.g. the sectional water-tube t 5 q)e. My remarks do 
not apply to boiler units of modern design which have 
entirely broken away from old and accepted practice. 
Examples of this modem type are the Wood steam- 
generator and the recently-introduced Johnson boiler. 
I agree that this latter t 3 ^e of steam generating unit 
can be designed for very much higher rates of evaporation. 

Mr. Gaze does not agree with my suggested rating 
for the older types of design, and says that such a 
figure is very unlikely to be generally adopted. I 
would point out that in the recently-constructed Clarence 
Dock station at Liverpool the boiler plant has been 
designed for this figure at normal rating. Further, 
the boiler plant in the new Barking '' B " station has a 
similar design figure, and Mr. Gaze will find that many 
other modem capital stations operate in the neighbour¬ 
hood of the figure I mentioned. The argument I 
advanced in the paper was against any undue increase 
of this figure for the old types of design. 

Another point raised by numerous speakers, particu¬ 
larly Mr. Townley and Mr. Nichols Moore, was the fact 
that no reference is made nor are statistics given in the 
paper relative to capital costs. When the paper was 
first projected serious consideration was given to the 
question of capital costs, but it was found extremely 
difficult to put forward figures that would have been of 
any value. Capital costs relative to the various stations 
discussed are not of much use, owing to the fact that the 
plants have been designed at different times and the 
costs do not bear the same relation to each other. 
Further, it was found that examples of capital costs for 


the illustration of a technical paper were a different 
matter altogether from capital costs with the possibility 
of a contract behind them! 

A considerable proportion of the discussion is devoted 
to the vexed question of the relative merits of equipping 
boiler plant with pulverized-fuel firing or mechanical 
stokers. I think the paper fully expressed my views 
on this subject, and while I realize that the modem 
retort stoker is a serious competitor of pulverized-fuel 
plant for the large boiler unit I am sure—from what I 
have seen of retort stoker equipment—that it is a much 
more complicated assembly of moving parts than even 
a bin-and-feeder pulverized-fuel plant. Consequently 
the retort stoker equipment is much more liable to 
break down. 

In connection with pulverized-fuel equipment, the 
discussion has also been productive of much argument 
as to the merits of the unit and the so-called bin-and 
feeder systems. Here, again, I have stated my views on 
this subject fairly fully in the paper but I want it to be 
clearly understood that while I favour the bin-and- 
feeder system I am not referring to the existing examples 
of that ty^ of pulverized-fuel equipment at present in 
operation in this country. I feel that even the best 
combination of boiler plant designed for a unit system 
would be greatly protected from outages by the incor¬ 
poration of a modified bin and feeder. 

The question of the efficiency attainable with stoker 
and pulverized-fuel combustion equipment has been 
raised by various speakers. I agree that with either 
system of firing and for short periods—^such as tests— 
there is nothing, as far as thermal efficiency is concerned, 
in favour of either system, but over long periods of 
operation a higher sustained thermal efficiency is ob¬ 
tainable with correctly designed and applied pulverized- 
fuel plant. In addition there are the further operating 
advantages set out in the paper. 

Regarding the problem of refractories, this is so 
intimately dependent upon the whole combustion- 
chamber desi^ that it cannot be considered as a separate 
item. The ideal arrangement points to the entire 
elimination of refractory. This is accomplished in one 
design of boiler unit, and is in successful operation with 
pulverized-fuel and high preheated air temperatures. 
Where a degree of refractory is necessary—^such as with 
stoker-equipped water-cooled combustion chambers— 
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I agree that the block-covered tube, such as the Bailey 
t57pe, offers an admirable solution, but there are many 
engineers—particularly in America—^who show equal 
preference for the use of the fin tube or even the plain 
tube. 

In reply to Mr. Clinch, I am aware that recent power- 
station installations have included plant in which the 
number of boiler units per turbine unit is as suggested 
in the paper. These plants, however, are not of great 
capacity, as they employ comparatively small turbine 
and boiler units. In the paper I was referring more to 
the large stations of the future. I am surprised that 
Mr. Clinch has not fully understood and appreciated 
the suggested formula for the calculation of boiler 
housQ eficiency. From his remarks it is evident that 
he is under the impression that the calculation of boiler 
'plant ef&ciency is all that is required. Surely he is 
aware that in the processes of steam generation many 
losses can occur in addition to those peculiar to the 
combustion cycle and the boiler units themselves. 
Mr. Clinch stresses the importance of the variable 
losses. What, then, can be more variable due to 
mal-operation—^in spite of good design—^than range, 
drain and blow-down losses? The suggested formula 
enables these losses to be readily checked. Mr. Clinch 
criticizes the lay-out of the boiler plant in Fig. 3. This 
was included in the paper to illustrate those sections 
dealing with the station with which I am associated, 
and was not put forward in support of my opinion of the 
method of application of pulverized-fuel firing. 

Referring to boiler plant outage, and presumably to 
page 652, which shows that no outages were caused as 
a result of the failure of the coal-preparation plant, 
Mr. Clinch says that such a result is not due to any merit 
of pulverized fuel, but merely to the group system, 
(Presumably Mr. Clinch is referring to the interconnec¬ 
tion of the powdered-fuel bins.) I cannot follow his 
reasoning here, for since only a pulverized-fuel system 
is used on this boiler plant, how can the credit for the 
results be ascribed to anything else ? Certainly the 
major portion of the credit must go to the design and 
arrangement of the coal-preparation plant. However, 
after Mr. Clinch places the credit for the results to what 
he terms the group system—a feature which can only 
be incorporated with a bin-and-feeder arrangement— 
he goes on to say that he, theyefovef coixsidiQxs that unit 
Systems should be adopted! The one disadvantage 
of the bin-and-feeder system cited by Mr. Clinch has not 
been met with in my experience, and it should certainly 
never arise unless a full bin of fuel is allowed to stand 
for weeks. When a boiler unit is going out of service 
for any length of time the fuel bin should be emptied 
during the final steaming hours. 

I do not agree with Mr. Clinch's remarks on reliability. 
In connection with soot-blowing, and Mr. Clinch^ 
views thereon, I can assure him that it is quite possible 
so to design a boiler unit that during soot-blowing 
periods the chimney emission will not contravene the 
usual ordinances. 

I have already dealt with the points raised by Mr. 
Gaze relative to rating per square foot. He is of the 
opinion ;&at the boiler unit of the future will be of the 
superimposed type rather than, what he terms, the 


“bungalow** type. I agree with him that where land 
is expensive the former type of unit will be forced upon 
boiler designers, but, more than that, the whole design 
of the station has to suffer also. I am firmly convinced, 
however, that there is no need for generating stations 
to be built in urban or suburban areas, and cheap sites 
can be found where the amenities of the neighbourhood 
will not be interfered with. 

The statistics given by Mr. Gaze relative to the 
stations of the London Power Co. are extremely inter¬ 
esting, but I feel that his development of high ratings 
on old designs of boiler units has been forced upon him 
because of the expensive sites on which the stations are 
built, and in my opinion it is not a practice which will 
be widely copied in the design of new stations. 

The data given by Mr. Highfield relative to generating 
stations supplying Paris are valuable and interesting, 
especially in view of the fact that last year I had the 
privilege of visiting some of the stations mentioned, 
I feel that the design at Vitry South station could have 
been very much improved upon, particularly in regard 
to the lay-out and arrangement of the boiler-house plant. 

I am glad to find Mr. Lunn in agreement with me on 
so many points, but I disagree with his view that the 
retort type of stoker will be extensively used in this 
country for some time to come. 

I regret that the paper contained such scanty details 
of the effect of high temperature on such parts as steam- 
range joints, bolts, superheater tubes, safety valves, and 
safety-valve springs, but I have met very little trouble 
due to high temperature on these components. 

In connection with boiler-water concentration, I 
hold the view that the average modem figure should 
not exceed 160 grains per gallon. Preferably it should 
be maintained not higher than 100 grains per gallon. 

I am pleased to note that Mr. Adams agrees with me 
on many points, particularly with regard to the rating 
of modern boiler plant. He raises the question as to 
why, on the extensions to the station with which I am 
associated, stoker-fired boiler plant has been adopted, 

I would point out, however, that when these extensions 
were contemplated some years ago our experience with 
pulverized-fuel firing had, at that time, been very short. 

in reply to Mr. Russell, I regret that I am unable to 
suggest any better remedies for economizer troubles 
than those which have already been mentioned. In 
connection with the use of inert gas, or rather, returned 
flue gas, for combustion control, I have had considerable 
experience of this. The adoption of such a system, 
however, necessitates careful jointing and caulking of 
the ducting and stoker casing construction, since leakage 
can cause considerable difficulty in operation due to the 
presence of sulphur fumes in the neighbourhood of the 
operating floor. 

Replying to Mr; Hamilton, I am not aware of any 
plant of reasonably large capacity equipped with stokers 
operating at 70 lb. to 80 lb. of coal per square foot of 
grate area, but one or two individual boiler units have 
beeh operated for short periods of a few hours at these 
combustion rates, pointing to the fact that these rates 
can be attained. Whether such plant can be designed to 
operate over long periods of service and at an economic 
cost remains to be seen. 
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In connection^with outage periods, boiler-plant avail¬ 
ability, etc., I h'ave to thank Mr. Hamilton for correcting 
the item, “total hours boiler unit was available for 
service," under Boiler unit No. 22, in Table 12. I agree 
that it should be possible to complete the annual survey 
and overhaul of the modern boiler unit in approximately 
a fortnight, and I also agree that in the calculation of a 
factor expressing on a comparable basis the availability 
of a boiler unit it would be preferable to use a common 
denominator such as Mr. Hamilton suggests. 

The rate of evaporation which I have suggested as the 
normal rating per square foot of evaporative heating 
surface for the commonly accepted form of boiler unit 
has been criticized by one or two speakers, but, on the 
other hand, it is supported by Mr. Hamilton, and it is 
of considerable interest to know that the Clarence Dock 
boiler units have this design figure for normal duty. 

Referring to damper controls and the point raised by 
Mr. Midgley about the location of wire cables for damper 
operation, I do not mean that these should be so placed 
as to be out of sight and out of mind, but rather that 
they should be carried where they do not intrude or 
are not unsightly. Too often the appearance of the casing 
of a boiler unit is spoilt by a collection of damper operat-. 
ing cables and spindle extensions from valves. 

Mr. Midgley favours the arrangement of combustion 
equipment which provides for base or normal-load 
operation on stokers, with pulverized-fuel boosting to 
meet overload and sudden steam demands. Why, 
however, complicate the firing arrangements by installing 
two distinct types of equipment when equal flexibility 
can be obtained at possibly a lower total cost by pul- 
verized-fuel equipment alone ? 

I do not entirely agree with Mr. Pausey in his remarks 
relative to the water-wall construction of combustion 
chambers. A tube, sloped as suggested in the paper, will 
give a freer release to the generated steam than a vertical 
tube or one which slopes inwards at the top, but I agree 
that in any design free circulation is the first necessity. 

It has been my experience that if scale-forming 
salts are allowed to enter the boiler water—even if 
present in only small quantities—these salts will precipi¬ 
tate and concentrate on the hot spots of wall tubes, and 
blistering and eventual puncture will result. I have 
found this even with a deposition of scale as small as 
1 sq, in. and approximately in. to J in. thick. 

The points raised by Mr. Nichols Moore relative to 
capital charges and the Barking extensions have already 
been dealt with inmy reply to other speakers. He is 
under a wrong impression in considering that the paper 
is of value principally to operating engineers. I would 
further point but to him that those most competent to 
form a considered opinion of generating plant per¬ 
formance and also to specify and install such plant are 
station en^neers.'^ V:; 

Mr. Nichols Moore is einphatic in his conclusion that 
considered opinion in this country indicates it preference 
for stoker-fired boiler plant. Those 
part in the discussion and have had actuar experience 
of modern pulverized-fuel plant, however, are of a differ¬ 
ent opinion. 

In Table 10, referring to the operating costs of the 
Hams Hall boiler plant, the item for furnace brickwork 


was not included because I understand that, at the time, 
the furnace brickwork was still in the contractor's hands. 

In connection with Table 11, the statistics given 
cover the last three years' operation, and the overall 
figure of 79*41 per cent for the stoker-fired plant, which 
has been in existence for 10 years, is very creditable. 
It must be understood that this figure is the overall 
boiler-house efficiency and not merely the boiler-plant 
efficiency, which so many engineers wrongly consider 
to be the true figure for comparisons. 

In reply to Mr. Reeman, I agree that, strictly speaking, 
the performance of the modem boiler unit is not com¬ 
parable with that of the turbo-alternator, but I do not 
think that the difierence of comparison should make 
such a discrepancy between the reliability of the turbo- 
alternator and the boiler unit. Surely, in the case of 
the boiler unit, it rather points to the elimination of 
all risk of mechanical failure and the training of the 
human element which is to be used for operation. 

Replying to Mr. Burr, in connection with the fineness 
of the product for pulverized-ftiel firing, I feel that at 
least 75*00 per cent through a 200 I.M.M. screen is 
desirable, and that no residue, or not more than 0*6 
per cent, should be left on a 40 I.M.M. screen. 

In connection with the latter part of Mr. Hill's 
remarks:— 

(а) I have had no experience of burning 16 to 20 

per cent volatile coal with archless settings. 

(б) No trouble with superheater studs has been 

experienced with the eccentric design of super¬ 
heater header. 

{c) The plate type air-heater is very much superior 
to the tubular type from all points of view, and 
particularly with regard to high heat-transfer 
rates. 

(d) No trouble is experienced in keeping gilled-tube 
type economizers clean. 

In reply to Mr. Morley New, it is difficult to place a 
linait of size to the boiler units which should be equipped 
with stoker plant and those which should be equipped 
with pulverized-fuel plant. My personal view is that 
up to 200 000 to 300 000 lb. per hour capacity the stoker 
is a serious rival, to pulverized-fuel equipment, particu¬ 
larly in the lower ranges of capacity, but for units above 
the range of output mentioned I am quite convinced 
that the merits of pulverized-fuel plant preclude the 
use of any other form of combustion equipment. 

I have had no experience in the burning of low- 
volatile coals with pulverized-fuel plant, but I have 
successfully burnt Welsh bituminous nutty slack with 
the following approximate analysis— 



. Percentage 
on sample 
as fired’* 

Percentage 
on sample 
as dried *’ 

Moisture-;;"■. 

4*36 

' ■ ^_'■ 

Volatile matter 

.. 20*48 

21*40 

Fixed carbon.. 

.. 69*98 

62*70 

Ash. 

.. 15*18 

16*90 


100*00 

100*00 

Sulphur 

>. 1*58 

1*65 

Calorific value, B.Th.U. 

.. 12 400 

12 940 
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This, however, cannot be classed as a low-volatile 
fuel. 

In reply to Mr. Warren, with reference to the test 
figures and other data given in the paper relative to 
No. 15 boiler unit, the various pressures tabulated are 
due to the fact that the disposition of the steaming 
turbine plant may necessitate a boiler unit supplying 
steam through a lengthy range. Actually the operating 
pressure of the boiler is 375 lb. per square inch (gauge). 
The large difference in the reported weights of pyrites 
extracted from the mill of this boiler unit during these 
tests is entirely due to the fact that two very distinct 
and different coals were burnt—^the one high in iron 
pyrites and the other very low, even though, in the case 
of the latter, the total sulphur content was high. 

In connection with the mill outlet temperature 
referred to by Mr. Warren, I think that 143® F. is not 
unduly high, even considering the amount of drying 
which is effected. No difficulties due to temperature of 
drying gas have been met with in mill operation. 

In reply to Mr. Brown, I think that a reasonable 
combustion-rate figure for chain grates operating on 
cold air is from 25 to 30 lb. per square foot of grate per 
hour. 

In reply to Mr. Allwood, it is not necessary to choose 
particularly the fuel to be consumed for pulverized-fuel 
firing. The contrary impression is one that quite a few 
engineers seem to have obtained, and I do not think they 
could have gained that impression from anyone operating 
a modern pulverized-fuel plant. Such plant will burn 
without trouble a wider variety and grading of coals 
than any type of stoker equipment. In the case of the 
station with which I am associated, we have had wide 
and frequent changes in the coal supply to our pulverized- 
fuel plant during the course of even one day, but it has 
been so unnoticeable and the effect on the plant has been 
so small that the operating staff has not been aware of 
any change in fuel quality. 

In reply to Mr. Jockel, the heat transmission rates and 
heat liberation rates expressed in B.Th.U. are in accor¬ 
dance with the suggestions contained in the paper. In 
connection with test periods, I am of the opinion that 
even 24 hours is far too short. The suggestion put for¬ 
ward by Mr. Jockel for the elimination of air-heater ducts 


is interesting, but I do not consider that the cost of the 
regenerative units would show any saving over the 
usual form of ducting. 

In reply to Mr. Damant, the figure of 3d. per ton for 
milling costs does not include the cost of electrical energy 
and, in my opinion, is well within the bounds of possi¬ 
bility. As they vary considerably, it is difficult to give 
prices for bull rings and rollers for ring and roller-t 5 rpe 
mills, but Mr. Damant should have no difficulty in 
obtaining representative prices from the manufacturers 
of this type of mill and also from the principal English 
steel makers, a number of whom now specialize in the 
production of these items of milling equipment. In 
connection with the test results given in Tables 2 and 3 
and the general improvement in plant performance during 
the first year of operation, various modifications were 
carried out. The principal factors affecting this im¬ 
provement were: increase in fineness and better drying 
of the milled product, alterations to the front-wall air 
ports, careful calibration and setting of the front-wall 
multiple dampers, and greater efficiency of the operating 
staff. The loss due to carbon in the ash is measured in 
the usual way, namely, by carefully removing all the 
refuse after the combustion of the initial weight of coal, 
weighing this refuse and finally quartering, sampling, 
and testing for combustible content, this latter item 
being calculated as carbon. The following are the 
principal dimensions of the furnace of the type of boiler 
unit shown in Fig. 3: 

27ft. Sin. 
31 „ 0 „ 
17 „ 10 „ 

4 „ 0 „ 

The capital cost of plant for dust-extraction purposes 
varies between 3s. and 6s. per kilowatt of boiler-plant 
capacity so equipped. This figure is based on a water 
rate of 10 lb. per kilowatt. Disposal of the dust arrested 
is not a very difficult matter, particularly if the main 
plant is equipped with a hydraulic system of ash sluicing. 
Further, it is likely that in the near future a market will 
be available for this fine dust; in which case the cost of 
installing automatic bag-filling gear may be justified. 


Mean height, water screen to boiler tubes . 
Length 

Width at centre 

Front wall to centre line of burners 
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SOME ACOUSTIC AND TELEPHONE MEASUREMENTS. 

By H. R. Harbottle, B.Sc.(Eng.), Associate Member. 

[Paper first received Zm November, 1931, and in final form 2nd August, 1932 ; read at a Joint Meeting of the 
Meter and Instrument Section and the Wireless Section, Sih April, 1932). 


Summary. 

In the present paper a brief description of some of the 
work carried out in the Research Section of the British Post 
Office is given. Part 1 is devoted to electro-acoustic and 
acousto-electric measurements of instruments. In Part 2 
various voice-ear measurements on microphones and re¬ 
ceivers are described. Part 3 deals with some mechanical 
tests by means of which rapid acceptance tests and esti¬ 
mates of the commercial life of instruments can be made. 
The question of the measurement of the efficiency of appara¬ 
tus and circuits in actual use is discussed in Part 4. 


Units and Abbreviations Used in the Paper. 

Mile of Standard Cable [British) [m.s.c.), —One mile of a 
cable having the following constants per loop mile:— 

Resistance (R) = 88 ohms. 

Capacitance [K) = 5*4 x 10farad. 

Inductance (jL) = 1 x 10~3 henry. 

Leakance [Q) — lx 10“® mho. 

The Standard Mile [$,m,) .—^The attenuation of 1 mile of 
standard cable at 800 cycles per sec. This unit was 
also known as the 800-cycle mile. 

At 800 cycles 1 mile of standard cable has an attenua¬ 
tion of 0 • 1065 neper. 

The Niper is the natural attenuation unit and is defined 
in the following manner:—If E^, and E 2 , oxt the 
currents and voltages at two points along a uniform 
infinite line, then the attenuation between these two 
points is given by 

'''• I ' E 

= uppers 

■^2 -“a • 

It will be seen at once that these currents and voltages 
are measured across equal impedances. 

The Bfi/.—The attenuation between two powers is 
said to be 1 bel when the logarithm to the base 10 of the 
ratio of the powers is unity, i.e. the attenuation between 
two powers Pj and P 2 is 1 bel if 

and2belsif i ^ 

or Pj/P 2 = 100== 102^^; 

. ^ \ ;v; . etc. , • 

The Decibel is one-tenth of the above unit. 

Introduction. 

The progress in acoustical engineering in recent years, 
and the possibility of expressing the results of measure¬ 
ments in telephony by reference to absolute units, can 
probably be attributed to the invention ahd develop-^ 
VoL. 71. 


ment of the thermionic valve. This has permitted the 
investigation of methods for measuring acoustic pressures 
and velocities and made possible the rapid develop¬ 
ments in radio-telephony. As a direct result of the 
latter, world-wide telephonic communication—one of 
the ultimate aims of telephone engineers for many years 
—^has been made possible. For the successful operation 
of such an achievement the necessity for comparative 
measurements of the performance of instruments, 
apparatus, lines, etc., soon became apparent. This led 
to the formation of an international committee—the 
C.C.I.*—^the objects of which were, amongst others, the 
formulation of the correct methods of measurement of 
the above and the most convenient manner of expressing 
the results in terms of absolute units. 

As regards the instruments, some standards were 
needed which were constant in their performance and 
had a uniform frequency/response characteristic over the 
range in which it was intended they should be used. At 
the present moment this can only be achieved by the 
use of insensitive instruments in which the mechanical 
resonances have, been removed to frequencies outside the 
desired limits by means of increased or, alternatively, 
reduced mechanical or acoustical stiffness. The output 
from these instruments can now be raised to the required 
level by a suitably-applied thermionic-valve amplifier. 

Instruments fulfilling the above conditions are usually 
of a delicate mechanical construction and unsuitable 
for commercial use. However, when under the direct 
supervision of experts, a wide field has been found for 
them in broadcasting, talking pictures, gramophone 
reproduction, etc., apart from the original purpose for 
which they were designed. Commercial instruments in 
which a high electro-acoustic efficiency is required must 
still rely on suitably-applied mechanical and acoustical 
resonances. By dint of careful design the reproduction 
of speech from some of these instruments is surprisingly 
good, although the frequency/response characteristics 
are not sufficiently uniform, and their performance not 
constant enough, to permit their use as standards for 
measurement purposes. 

PART I. AeOUSTO-ELECTRIC AND ELECTRO- 
^ ACGUSTIC^^^ 

The instrument used at the present time as a working 
standard in most acousto-electric and electro-acoustic 
measurements is a condenser microphone of the Wente 
type.f This consists essentially of a stretched, thin, 
duralumin diaphragm, 4‘286 cm effective diameter, 
which is gold-plated or varnished on its external face 

• Comity Consiiltatif laterriational des Communications T616phoniques 4 
Grande Distance. 

t See Bibliography, (1). 
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to prevent oxidization, forming one plate of an air 
condenser, the other plate being a circular insulated 
brass electrode. This is grooved on the face presented 
to the diaphragm and is separated from the latter by a 
small gap. The air space between the diaphragm and 
the back electrode is practically sealed and serves as an 
added stiffness to the diaphragm. Due to this and to 
the stretching, the frequency of natural resonance of 
the diaphragm is effectively suppressed. The instru¬ 
ment is consequently rather insensitive but is- very 
constant in its performance. 

The microphone is polarized by 200 volts (d.c.) which 
is fed via a resistance of 10 megohms or niore. Acoustic 
pressures on the diaphragm cause corresponding changes 
in capacitance of the microphone. These in turn vary 
the p.d. across it, the charge remaining constant. As 
the variation in capacitance of the microphone produced 
by impressed sound is very minute, the microphone can 
be regarded as an alternator having ah e.mi. pro¬ 
portional to the acoustic pressure on the diaphragm, and 
an internal impedance equal to its normal capacitance 
when polarized. The value of this capacitance is about 
300/x/xF. The absolute calibration of the condenser 
microphone is performed by three distinct methods*:— 

(1) The Thermophone Method .—^This method is used 
in America and is recommended by the C.C.I. 

The diaphragm of the microphone forms one end of a 
small cylindrical air-tight chamber. , The other end of 
the chamber is closed by means of a mounting plate 
which carries two thin strips of gold-leaf side by side, 
each about 2‘54 cm by 1 cm. The volume of the 
chamber is approximately 9 cm^. The chamber is filled 
with hydrogen at atmospheric pressure. A known 
direct current is passed through the strips, and a known 
alternating current of the required frequency is super¬ 
imposed on this. The alternating current causes alter¬ 
nate heating and cooling of the strip at the applied 
frequency, which in turn causes an alternating 
pressure on the diaphragm of the microphone. It is 
essential for the calculation of this pressure that the 
pressure produced by the alternating current in the 
foils be transmitted instantaneously to all parts of the 
chamber. Hence the necessity for a small chamber 
and for this to be filled with hydrogen, since the wave¬ 
length of a particular frequency in hydrogen is four 
times that in air. Wente has obtained an expression 
for the pressure developed at the diaphragm. Re¬ 
ference to the original publication f shows that the cal- 
culation of pressure is rather involved, and this, together 
with the fact that the diaphragm of the microphone is 
in a more or less hypothetical condition due to the added 
stiffness caused by the 9 cm^ of hydrogen, are dis¬ 
advantages of the method. However, the conditions 
are all capable of being specified and can be repeated 
at long intervals. 

(2) The Rayleigh-Disc Method—li the nature of a sound 
field is known, then a definite relationship exists between 
the acoustic pressure, p, and the velocity, v, and it; is 
therefore only necessary to measure one in order to 
determine both. : 

If we have a point source of soundj in a perfectly 
tx^oa-reflecting chamber the resultant sound waves pro- 
* See Bibliography, (3). t Ibid., (3). % Ibid., (4), 


duced will be truly spherical. In this case Mallett and 
Dutton* have shown that the instantaneous particle 
velocity is given by:— 



and the instantaneous pressure by:— 

p = — ^00 sin o)U — 

4:7rr \ cJ 

where r = radial distance of the point from the source, 
ct> = 277 X frequency, 
p = density of medium, 
c = velocity of sound in medium, 
and A = constant. 



Fig. 1.—-Sound-field chart of acoustic cabinet. 
Frequency = 480 cycles per sec. 


The R.M.S. values of the above are:— 


and 


F = 


A 


4c7r^/2 

P 


or 


Apo) 

4:7Tr\/2 



This latter gives a convenient method for determining 
when the sound wave is spherical> for in this case 
P Qci/r, i.e. JPr — constant. 

'Now, at very large distances, r being great, it will be 
apparent that the wave will be approximately planar. 
When this is the case 


47r V(2)rc 
* See Bibliography, (5). 
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and 


P = _£_.pf5? 

4:77 \/2 r 


Hence for a plane wave 



For air at normal room temperature and pressure 
p = 0*0012 gramme/cm3 and c = 34 000 cm/sec. 
P 

Therefore = 40*8 


Lord Rayleigh* pointed out in 1881 that if a light disc 
were suspended in a sound field it would tend to set itself 
with its plane at right angles to the field. When the 
disc is an ellipsoid, Konigf has shown that the steady 
torque on the disc is 


The maximum value of this torque is when sin 20 = 1, 
i.e. 0 = 45®. The sensitivity is proportional to the 
cube of the diameter of the disc, but if this diameter is 
greater than 0*2 wavelength sensible errors may be 
introduced owing to a variety of reasons. Again, with 
greater sensitivity, the precautions to be taken against 
draughts are much greater and the disc is also not so 
dead-beat. The discs in the Research Section of the 
British Post Ofiice are made circular of mica 0*002 cm 
thick and 0*8 cm diameter. Although these are not 
ellipsoids, the errors introduced by using Konig's 
formula are sufficiently small to be neglected. This 
question has been dealt with fully by Barnes and West.f 
The Box Method .—^This method was first suggested by 
Mallett and Button.f The box used by the Research 
Section of the British Post Office is 4 ft. cube and is 
lined on all six internal walls by gam gee tissue to a 
depth of 12 in. The source of sound used for frequencies 
of 300 to 1 000 cycles per sec. is a tube closed at one 
end by an ordinary telephone receiver having the ear- 
cap cut away. The length of the tube is adjustable. 
The source of alternating current for the receiver is a 
heterodyne oscillator the frequency of which is adjusted 
to coincide with that of one of the resonances of the tube. 
The diameter of the mouth of the tube is 7 cm, and 
Mallett and Dutton have shown that, for the range of 
frequencies covered, this can be treated as a point source 
at distances greater than 6 cm. 

For frequencies of 1 000 to 3 000 cycles per sec. the 
tube is terminated by a conical end having an aperture 
of 2 cm in order to reduce the size of the source, and for 
frequencies above 3 000 cycles per sec. by a receiver 
having a diaphragm of small diameter and, therefore, a 
high fundamental resonant frequency. In front of the 
diaphragm a small adjustable Helmholtz resonator is 
fitted to purify and intensify the output sound. 

The Rayleigh disc is suspended by means of a fine 
glass fibre at a horizontal axial distance of approxi¬ 
mately 8 cm from the mouth of the tube, and the con¬ 
denser microphone at approximately 20 cm in the same 

• See Bibliography, (6). % Ibid., (7). : Ibid,, (8). § Ibid., (6). 


plane in a convenient position. In these positions it 
will be seen by reference to Figs. 1 and 2 that reflection 
from the walls of the box is negligible. These curves 
were obtained in the manner suggested by Mallett and 
Dutton and are explained below. 

A Bell receiver was fitted with a conical brass tube 
about 18 in. long. The internal diameter of the tube 
was the same as that of the hole in the ebonite earcap. 



Fig. 2. —Sound-field chart of acoustic cabinet. 

Frequency == 600 cycles per sec. 

viz. about 1 cm, and the outside diameter tapered from 
6 cm at the receiver to 1*5 cm at the mouth. The 
receiver was moved in the box, so that the mouth of the 
conical tube described a semicircle having for its centre 
the centre of the mouth of the source of sound. The 
frequency of the source was maintained constant and 
the output from the receiver was measured on a valve 
voltmeter for the various positions. This was a measure 
of the acoustic pressure at these points. A simple com¬ 
putation gave the distance from the source at which 
the pressure occurred which would have existed at the 
circumference of the semicircle with no reflection. 

Suppose F is the pressure which, neglecting reflection. 
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would have existed at the circumference of a semicircle 
of radius t cm, and that P' was the actual pressure 
measured at this radius, then it was assumed that 

P' X r = P X r' 

where r' is the distance at which the pressure P actually 
occurred with reflection present. The corresponding 
values of r' are plotted on the dotted-line curves. 

The deflection of the disc is measured by means of a 
lamp and scale. From the deflection of the disc the 
velocity of the sound wave can be calculated, and hence, 
since the sound field is known, the sound pressure which 
existed at the position of the condenser microphone 
before the microphone was put there. 

The actual pressure on the diaphragm will differ from 
the above by a ratio which will vary between 1 and 2, 
depending on the frequency and the diameter of the 
microphone and also to a very large extent on the form 
of the cavity in front of the diaphragm. The output 



Curve 1 in terms of free air pressures. 

Curve 2 in terms of pressures on diaphragm. 

Broken curve shows maker’s calibratiom I 7 thermophone. 

Polarizing voltage «= 200 volts. 

from the condenser microphone due to this pressure on 
the diaphragm is amplified by means of a suitable 
resistance-capacitance-coupled amplifier and con¬ 
veniently measured on a Moullin voltmeter. Since the 
sound pressure on the diaphragm of the microphone wfll 
be sinusoidal, and as the amplitude characteristic of 
the microphone is linear, the voltmeter reading will fee 
a measure of the R.M.S. value of the e.m.f. from the 
microphone. The calibration of the amplifier is most 
easily done by feeding a sinusoidal alternating current 
of about 5 mA into a non-reactive resistance connected 
in series with, the microphone at the eartli end. 

The ** Tube ** Method :—^This method is due to W. 
West.’*' The Rayleigh disc is suspended at the centre 
of a long tube, tbe length of which can fee adjusted. 
The source of sound, which is a moving-coil receiver, is 
fitted into one end of the tube, the inicrophone closing 
the other end. At resonance, th^e ^^11 be a loop of 
velocity at the centre of the tube and a loop of pressure ; 
at the ends. The sound ym,ves will be planar and hence 
the relationship P/F == pc^h^ c5u^ setting of the 
tube can fee nsed for observations at a" series of fre- 
* See BiWiogia^y, (2). . , . 


quencies, if these frequencies are odd harmonics of the 
frequency of fundamental resonance of the tube. The 
resonance of the tube is very sharp and hence the test 
is a comparatively simple one. 

Fig. 3 gives the frequency characteristics of a condenser 
microphone obtained by the three methods described 
above. The difference between curve 2 and the dotted 
curve is accounted for as follows:—^With the thermo¬ 
phone calibration, there is a sealed cavity in front of the 
diaphragm which increases its stiffness, whereas with the 
tube method, since the tube is in resonance, the air in 
the tube adds a small resistance to the diaphragm. 

It would be expected that the numeric obtained by 
the box method would be the same as that with the tube 
method for frequencies up to 500 cycles per sec., and 
increase to twice that of the latter as the frequency is 
increased. However, the surprising increase in the 
numeric shown in curve 1 must be due to some resonance 
—^that of the cavity in front of the diaphragm. This 
question has been ably investigated by West* and 
Ballantine.f The particular calibration to be taken 
will depend on how the condenser microphone is to be 
used. 

(3) The Compensator Method .—^The pressure developed 
in the chamber used with the thermophone method of 
calibration is measured in Germany by means of a 
compensator. This is due to GerlachJ and is briefly 
as follows:— 

A strip of foil is set in motion by the sound pressure 
on it and is brought to rest either electromagnetically 
or electrostatically by means of a suitably applied, known, 
alternating current or voltage of the same frequency as 
that of the impressed sound and capable of variation in 
amplitude and phase. An arrangement is incorporated 
by which the balance of the strip can be ascertained. 
The chief feature of this method is that the strip is at 
rest at balance. 

Comparison with the tube method has been made in 
the Kesearch Section of the British Post Office and 
close agreement obtained. 

The Frequency Characteristics of Commercial 
Microphones. 

The calibration of the condenser microphone per¬ 
formed in any of the methods previously described is 
necessarily a point-to-point measurement. Such a 
method is obviously unsuitable for commercial micro¬ 
phones, especially those of the carbon-granule type 
owing to their tendency to pack. The method used 
for testing such microphones in the Research Section of 
the British Post Office is as follows:—^The acoustic 
pressure on the micrbphone diaphragm is supplied by 
naeans of a speciaT loud-speaker consisting of a moving- 
coil instrument connected to a wooden exponehtial horn 
15 ft. lo^ng. The flare of this horn forms part of one 
wall of an acoustic room and is 3J ft. Tn diameter, and 
hence it can he used down to 106 cycles per sec^ 

A brief descriptipn of the a,coustic room may be given 
here. The rooni is 12 ft. by 9 ft. by 9 ft, high a.hd is lined 
to a depth of 1 ft, 6 in. with gamgee tissue backed with 
celotex a 6 in. wide at right angles to 

the walls and ceiling are arranged at intervals of 6 in. 

Se^ BibUograpliy. (10). f (11). % XU4,, (12)'. 
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(see Fig. 4); ** p x r " curves show that reflection has 
been substantially eliminated. Some of these curves are 
reproduced in Fig. 6. 

The output from the exponential horn is measured by 
means of a condenser microphone located at the centre 


spot of light from the galvanometer of the amplifier- 
rectifier moves over this paper, and its path is traced 
by means of various coloured pencils. Typical fre¬ 
quency characteristics obtained on two types of carbon 
microphones are given in Fig. 7. From these it can be 



Fig. 7.—Frequency characteristics of carbon microphones. 

——' Hand micro-telephone. 

-C.B. No. 1. 


of the plane of the flare. Fig. 6 gives the output- 
frequency characteristic of the moving-coil unit used 
in this manner. 

The microphone to be tested is put in the position of 
the calibrating microphone, and its output on any 
required circuit is applied to a straight-line ampHfier- 
rectifier which operates a quick-moving galvanometer. 
The amplifier is resistance-capacitance coupled and the 
rectifier used is a low-impedance diode connected in 


Frequency values of /C 
Extreme Mean 

SOOqcles ±2-9'‘10'* 0 

1100 « (0-72-3-6)>‘10'® 2*4>‘IO'f. 
1600 . (1’44-3’6H0'^ 2-74*10'® 


rRcsistaiicei 


Lower limit 
sMean Reactance 
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ear_^ 



1-^- 

1 



1 



ArtificiaL 

ear 

■ 


■ ■ /v : 


/ /_I000 ,. 2000 300/1 

Frequency, cycles per sec. 

Fig. 8.—Acpnstic impedance dtie to ears on standard earcap 

series with a resistance of 100 000 ohms, so that change- 
in impedance of the valve for different inputs are Tna. frfd 

giving a practically linear response. “asked 

is :opetated^^^^^ 

^ ^nency of which is varied by meanf O' 
a condenser inside a cylmdrical drum carrying the naoei 
on which the frequency characterisfic^i^ 


estimated that the microphone of the hand micro-tele- 
phone is not only more efficient but will reproduce 
speech more faithfully than the C.B. No. 1. This will 
be referred to later. 


Frequency Characteristics of Receivers. 

The frequency characteristic of a receiver is governed 
to a large extent by the acoustic impedance added to 



Fig. 9.—Frequency characteristic of condenser microphone 
in artificial ear. 




the ear,, and West* has shown that this can be treated 
aa.an elaatic r^ctance in paraUe^ with a resistance. 

components over a frequency range 
obtoed on a toge number of human ears, when press^ 
ta the. .standard epcap,. are . included in Fig. 8. How- 

* See Bibliography, (13). 











HARBOTTLE: SOME ACOUSTIC AND TELEPHONE MEASUREMENTS. 


611 


ever, it is impossible to measure the output of a receiver 
when held to the average human ear, and two methods 
are available which surmount the difficulty to a large 
extent. 



0 800 1600 2400 3200 

Freau.f'nc^''. cycles per sec. 

Fig. 10.—Frequency characteristics of standard reference 
type of moving-coil receiver. 

Curve 1,—On artificial ear with 3*6 cid 3 air space. 

Curve 2.—On artificial ear with 9 cmS air space. 

Curve 3.—On standard type S.F.E.R.T. coupler with 27 cm8 airspace. 

Curve 4.—^Maker’s calibration on standard S.F.E.R.T. coupler. 

(1) The C.C,I, Coupler .—This method is used in 
America, and by the C.C.I. on the S.F.E.R.T.* for cali¬ 
brating high-quality moving-coil receivers. The receiver, i 
in this case, is acoustically coupled to a condenser I 


applies an acoustic elastance only to the receiver 
diaphragm, and this elastance is much smaller than 
that of the average human ear. 

(2) The Artificial Ear of the British Post Office .—This 
is due to West.* In this case, the receiver is coupled to 
a condenser microphone via a chamber having a volume 
of 3 cm® which communicates with a brass tube 15 ft. 
long and 0-35 cm® cross-section. Strands of darning 
wool varying in length from 6 ft. downwards are drawn 
into the tube and produce an increasing absorption 
from the microphone end to the free end of the tube. 
The arrangement thus presents an acoustic elastance and 
resistance in parallel with the receiver diaphragm. The 
particular values of the components chosen were the 
mean of those obtained on human ears when pressed to 
a standard earcap, at a frequency of 1100 cycles per sec., 
the average frequency of the fundamental resonance of 
the diaphragm of Bell receivers when held to the human 
ear. 

The effect of the increased stiffness imposed on the 
diaphragm of the condenser microphone used in the 
artificial ear is clearly demonstrated by Fig. 9. The 
microphone is calibrated in terms of pressures existing 
at the mouth of the flare of the cavity of the arti¬ 
ficial ear, and the associated amplifier is distorted in 
such a manner as to secure a substantially uniform 
frequency/response characteristic of microphone and 
amplifier combined. 

The difference in the effect of the two couplers described 
above, on the performance of a moving-coil high-quality 
receiver such as is used on the S.F.E.R.T., will be 
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Fig. 11.—Frequency characteristics of a Bell receiver. 

(«) Sound pressures when held to an ear. 

Xb) Sound pressures at 10 cm distance in open air. 


microphone by means of a sealed chamber which has a 
volume of 27 cm® and is filled with hydrogen at atmo- 


appreciated by reference to Fig. 10. The difference 
between curves 3 and 4 is probably explained by the 


spheric pressure. The output from the receiver is fact that, when taking the former, air was used in the 


measured by the condenser microphone. This method 

♦ Systdme Fondamental Europ4en de R4f4rence pour la Transmission T41d- 
phomque. 


coupler, whereas in the latter hydrogen was substituted. 
Ih order further to emphasize the importance of the 

* See Bibliography, (14). 
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correct added acoustic impedance, when obtaining the 
frequency characteristic of receivers, Fig. 11 has been 
added.* Referring to this figure, it will be evident that 
the effect of the. added acoustic impedance of the arti¬ 
ficial ear is twofold. Firstly, the output pressure is 
increased enormously. This is to be expected, since in 
Open air the receiver is radiating sound and this very 
inefficiently, but when held to the artificial ear the 
movement of the diaphragm is simply developing an 
acoustic pressure in a small chamber. Secondly, there 
is a distinct improvement in frequency characteristic 
with a consequent increase in the fundamental resonant 
frequency of the diaphragm. Impedance curves for 
the same receiver under the two conditions are given in 
Fig. 12. The frequency of the fundamental resonances 
of the diaphragm and the decay factors obtained from 
Figs. 11 and 12 are in very close agreement. In 
Appendix I the calculation of the mechanical constants 
of the diaphragm (neglecting the added elastance caused 
by the cavity behind the diaphragm) from the change in 
resonant frequency and decay factor produced by the 
change in acoustic impedance applied to the diaphragm 
is demonstrated. For the diaphragm of the receiver 
tested, the constants were found to be approximately:— 

Resistance === 263 djmes/cm/sec. 

Stiffness = 16-5 X 10® dynes/cm. 

Equivalent mass = 0*54 gramme. 


m 963 


m/A!s 


0 100 . ■ 300 
Resistance, ohms 

: Fig. 12.—“Impedance of Bell receiver. 

/ . ■ Receiver held to artificial ear. 

— — Receiverin free air. 

* Impedance with speech. 

These are in good agreement with the figures published 
by KenneUy.f 

Frequency Characteristics of Loud-Speakers. 

When a loud-speaker is to be tested it is placed in 
the acoustic room described, on page 608, its ouiput 
being measured by means of a condenser microphone 
previously calibrated. The output from the condenser 

V; ;V -i* See Bibliography, ( 21 ). . , , , . f Ibid., (16). • / 


microphone and its amplifier is measured on the recorder 
described above. The output from the heterodyne 
oscillator passes to the grid of the valve to the anode 
of which the loud-speaker is suitably connected. 






0 Sooooo 1000 2000. 3000 4000 6000 [6000 

I i-i <MeQ^o Frequency, cycles per sec. 

Fig. 13,—^Loud-speaker frequency characteristics. 

§eed-driven cone in cabinetj back closed; cone angle about 120®, 

(0| Keed-dnven cone in cabinet; back closed; annular guard-iinas in front; 
^ cone angle about 120®. 

(c) about 18 in. cube, With metal flare extending cone 

When once the testing circuit has been set up and made 
free from induction by suitable disposition of earths and 
necessary balancing, it is a simple matter to perform these 
tests. Sample curves taken in this manner on some 
commercial types of loud-speakers at different angles to 
^e flare are reproduced in Fig. 13.* 

* Also see BibUograpby, (16), (17), (18), (19), and (20). 
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Frequency, cycles per sec 

Fig. 14. —Performance of moving-coil lond-speaker jBltted with earcap held to artificial ear. 
' Impedance. — —»— Sound output. 


By a slight modifilcation of the circuit it is possible to 
obtain the performance of the loud-speaker alone, its 
impedance, the electrical power given to it, and its 
electro-acoustic efficiency, using the 3-voltmeter method. 
The output from a moving-coil receiver when held to 
the artificial ear, together with its impedance obtained 
as above, are given in Fig. 14. 

PART 2. VO|pE-EAR MEASUREMENTS. 

The frequency/response characteristics of commercial 
telephone instruments, which, in general, have not a 


give a considerable amount of qualitative information 
as to the performance of these instruments in practice 


n 


Modal position 


Current, miUiamps. , ■ ' ^ 

Fig. 15.—-E.M.F./current and resistance/current curves for 
microphones type No. 1 W.E. Mark 4001, in vertical position, 
E.M.F. curve—^based on 21 W.E.-type microphones. 

Resistance curve—based on 8 W.E.-type microphones. 


Modal positi 


Distance from mouthpiece, inches 


Fig. 16. —Effect of speaking at a distance from the mouth¬ 
pieces of No. 1 C.B, and Tele. 162 microphones. 


reasonably uniform performance pver^ the frequency and are extremely useful in design. They have often 
range required for the successful tra nsmi ssion of speech, led to the explanation of differences obtained by other 
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methods of measurement. However, the only measure¬ 
ments which, at present, give definite quantitative 
results on these instruments are obtained from voice- 


Microphones. 

The performance of a carbon microphone depends to 
a large extent on the following factors:— 



ear tests. Here, again, such measurements can only 
be considered reliable if a sufficient number of tests are 
made, and these of a very detailed nature under con¬ 
ditions similar to those met with in practice. Voice- 



ear measurements will always be the final arbiter in 
telephone problems. A description will now be given 
of some of these measurements as applied to carbon 
microphones and commercial receivers. 


(1) The circuit in which it is connected. This will 
determine the feeding current to the microphone, and 
reference to Fig. 15 will illustrate clearly the extent to 
which the e.m.f. of a carbon microphone is dependent 
on the feeding current. Also, the impedance into which 
the microphone is working is a function of the circuit 
in which it is connected. 

(2) The initial condition of the carbon granules them¬ 
selves. 

(3) The sound pressure on the microphone diaphragm. 
This will be affected by the type of mouthpiece fitted to 
the microphone, by the position of the speaker's mouth 
relative to the mouthpiece, and by the volume of sound 
emitted from the speaker's mouth. The reduction in 
output from two t 3 q)es of carbon microphone caused by 
the speaker increasing the distance of his mouth from 
the mouthpiece, is given in Fig. 16. A decrease in a 
speaker s volume will cause a similar reduction in output. 

(4) The angle at which the microphone is mounted. 
This will be more important with solid-back types of 
microphones than with the new hand micro-telephones. 

In order that condition 1 may be satisfied a 
standard circuit is required. The circuit used by the 
British Post Office until a comparatively short time ago 
is known as the standard common-battery circuit." 

Th& Standard Common-Battery Circuit. 

A schematic diagram of this circuit is given in Fig. 17. 
The sending and receiving terminations of the junction 
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oa this circuit each consist of a standard common- 
brttery cord circuit (repeating coil and supervisory 
relay), a local line, and a standard common-battery 
subscriber's instrument and bell box. The local line 
used is a non-reactive resistance of 300 ohms, and it is 
interesting to note that the average subscriber's local 
line is taken as J mile of 6|-lb. underground cable, which 
has a loop resistance of 204 ohms and a capacitance of 
0*046 fiF, connected to J mile of 40-lb. bronze aerial line, 
having a loop resistance of 11 ohms and negligible* 
capacitance, at the subscribers' end. The instruments 
and apparatus are made up of parts selected as standard 
for the type from a.c. impedance, d.c. resistance, and 
'speech tests. The operating battery is of 22 volts. 
Under these conditions the feeding current to the micro¬ 
phone is of the order of 50 mA. The junction used on 
the standard common-battery circuit is 30 miles of 
artificial standard cable. The primary and secondary I 
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Dural i<iii of pulse, seconds 
Fig. 20.—Volume indicator. 

constants of this cable are given in Fig. 18. Thus, the 
impedance into which the microphone is operating, 
measured at 800 cycles per sec., is 200^0° (approx.). 

The above circuit having a zero-ohm local line was 
also used as a standard of reference. 

The contemporary standard circuit used in America 
was similar to the above, with the following exceptions:—- 
(a) The American circuit had a 24-volt battery., 

(&) The supervisory relay was omitted. 

(c) The local line consisted of .3 miles of American 
standard cable. 

(d) The artificial standard cable used had no leakance 
and mductance, the resistance and capacitance per loop 
mile being the same as those of British standard cable. 

The propagation constant of the American standard 
cable at ct) == 27 t/ = 5 000 is given by 

P — = ^/{(x>KR) = 0*1542 /45° 

= 6*1091 -fyo*i09i* 
* See Bibliography, (22). 


as compared with p = 0*1062 -f j‘0*lll for the British 
standard cable. 

SjE.TA.C* 

The working circuit at present used by the British 
Post Office is similar to the standard common-battery 
circuit described above, except that the junction is a non¬ 
reactive artificial line having a characteristic impedance 
Zq = 600 10\ This artiacial line is composed of 
B sections, the resistances required for various attenua¬ 
tions being given in the Table. 


decibels 

r 

0 

0*5 

8*632 

10 417 

1*0 

17*25 

5 201 

1*5 

25*8 

3 450 

2*0 

34*39 

2 583 

2*5 

42*9 

2 052 

3*0 

51*29 

1703 

3*5 

59*58 

1450 

4*0 

67*8 

1 256 ’ 

4*5 

75*9 

1 108 

5*0 

84*04 

986*9 


decibels 

^ 9 

5*0 

84-04 986-9 

10*0 

156-8 421-6 

15*0 

209-4 220-6 

20*0 

246-4 121-2 

26*0 

268-2 67-6 

30*0 

281-6 37-99 


r r 

X--N 

X-v- 

□lT 

r r 


It is proposed to eliminate the supervisory relay and 
increase the p.d. of the operating battery to 24 volts. 
The future working circuit of the British Post Office will 
incorporate these modifications and will then be Imown 
as S.E.T.A.C., in order to comply with the suggestions 
of the C.C.I. The equivalent circuit of the S.E.T.A.C., 
together with various useful impedances, are given in 
Appendix II. 

As regards condition 2, the microphone is always 
tapped before a speaker commences testing. 

In order that the position of the mouth relative to the 
mouthpiece shall be the same for each speaker, a suitable 
wire guard is fitted at the front. In the case of pedestal 
instruments this consists of a wire ring 1 inch in diameter, 
fixed in the centre of the plane of the flare of the mouth¬ 
piece. When testing hand micro-telephones this ring is 
fixed with its centre at the most usual position of the 
mouth in practice. This position is known as the 
modal position " and was determined from measure¬ 
ments on a very larg:e number of heads. The position 
is fixed from Fig. 19. The plane of the ring is 
perpendicular to the modal direction in this case. 

To determine a speaker's volume some integrating 
instrument is required which will make allowance for 
the silent intervals occurring in speech. Two such instru¬ 
ments are described below. 

Measufement oj Speech Volume. 

(1) The instrument recommended by the C.C.I. is 
described by Sivianf as follows :—“ Essentially it is a 
vacuum-tube rectifier with a rapid-action d.c. meter in 
the plate circuit. It is operated on a part of the charac¬ 
teristic such that the rectified plate current is roughly 
proportional to the square of the speech voltage. The 

* Systeme fitalon de Travail utilisant des Microphones k charbon. 
t See Bibliography, (23). 
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rectifier is preceded by an amplifier of adjustable gain. 
For the speech-level under measurement the gain is 
adjusted to such a value that the fluctuating meter 
deflections attain a prescribed maximum value on the 
average of once in about three seconds. That value of 
gain expressed in decibels with respect to a certain normal 
value of gain gives the volume indicator measure of the 
speech-level. The meter, combined with the electric 
circuit, has a dynamic characteristic as shown in the 
curve, Fig. 20, which gives the maximum deflection as 



10000 ohms 


Fig. 21. ^Rectifier circuit for speech meter. 


a function of the duration of the a.c. input. For incuts 
lasting more than about 0-18 second the maxim^um 
deflectaon remains the same. Since the average syllable 
duration_is of the order of 0-2 second, it follows that 
the maximum deflection of the ‘ volume indicator' is 
appro^tdy proportional to the mean power of the 
syltoble. The volume indicator is thus a type of valve 
voltmeter. It is c^brated with alternating current at 
a fixed frequency of 1 000 cycles per sec. 

(2) An alternative method of measuring speech volume 


rectifier to eliminate the normal anode current from the 
milliammeter. With the valves, condenser, and grid 
I leak used, the needle reads within 2 decibels, i.e. 80 per 
cent of full-scale deflection 0*2 second after switching 
on a steady tone, and it falls to zero in 2 seconds 
after the tone is switched off. Three arrangements have 
been tried: (a) As above, (6) with both times increased 
3-fold, and (c) with both times increased 6-fold. A 
similar performance is obtained in the three cases with 
speech, except that in {b) and (c) the speech must be 
continued for a longer period, although the deflection of 
the instrument is much steadier. 

The instrument is entirely mains-operated, the 
necessary h.t. supply being obtained from metal rectifiers. 
The valves used are of the remote-heated cathode type. 

With reference to (4), pedestal instruments are usually 
tested with the diaphragm of the microphone in the 
vertical plane, the position for , that of the hand micro- 
telephone being 15® to the vertical. 

Standard Carbon Microphones, 

When testing microphones on the above circuits, 
comparison is made with a standard carbon microphone. 
This microphone is one of a number of working standards. 
These working standards are checked periodically 
against a number of standards of similar type which are 
retained for the purpose of calibration only. All these 
standards are treated with the utmost care and, when 
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Fig. 22.—Frequency characteristic of microphone and amplifier. 


Full curve—^British primary standard. 
Broken curve—^S,F,E.R,T, 


has been devised in the Research Section of the British 
Post Oflice. This is by means of a speech meter,'' 
which is similar in performance to the ** impulse meter " 
used in Germany and described by Thierbach.* Unlike 
the volume indicator, it has its own microphone, which 
IS a condenser microphone fitted -v^th a suitable guard. 
This consists of a wire ring 4- 7 cm outside diameter 
with its plane paraUel to hud concentric with the dia^ 
phragm and at a niean distance of 4^ cni from it; 
Speech from the microphone is amplified by means of a 
screened 2-stage resistance-capacitance-coupled amplifier, 
the output from this being transformer-coupled to the 
gnd-leak rectifier shown in Fig, 21. 

A bridge arrangement is used in the anode circuit of the 

• See Bibliography, (2^. 


not in use, are kept in a standards room at constant 
I temperature. Previously, the efficiencies of the carbon 
standards were obtained by an elaborate method of 
cross-checking, and,:method gave the 
relative efficiencies of the insixunaents, yet a drift in the 
efficiencies 6f all the nucrbphones co^^^ not be observed. 
However, since the efficiencies of new supplies of the 
same .1^ were all of the same order 

3rear to year, it safely as^med that no serious 

drift in efficiency took place. It wiU be seen, neverthe¬ 
less, that a need of reference to some absolute standard 
really existed. This has now been made possible by 
tte setting-up of a master reference system in the 
labomtoties of the C,C.I. in Paris, the system being 
capable of calibration by electro-acoustic methods. 
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S.F.E,R.T. 

The master reference system referred to above is 
known as the S.F.E.R.T.* It is a replica of the master 


the Wente type with a 4-stage resistance-capacitance- 
coupled amplifier. The gain of the amplifier is set so 
that the overall performance is in accordance with 



Fig. 23.— Frequency characteristic of receiver and amplifier. 
Full curve—British primary standard. Broken curve—S.F.E.R.T. 


reference system of the Bell Laboratories, New York, 
and has been fully described by Martin and Gray.f 
Essentially it consists of a high-quality transmitter. 



Frequency, cycles per sec. 

Fig. 24.—Overall frequency characteristic of S.F.E.R.T. 
microphone, receiver, and amplifiers. . 

Curve —Free-air calibration. 

' '\Receiver—^Artificial-ear calibration. 

Curve (11) Paris calibrations. 

non-reactive artificial line, and high-qualitjr receiver, 
with the necessary apparatus for calibration, ^ . 

The microphone used is a condenser microphone of 

* Syst&me Fondamental Europ^en de R^^ence pour la Transmission 
T61^phonique. 
t See Bibliography, (25). 


Fig. 22. The mean numeric for a range of frequencies 
500 to 2 500 cycles per sec. is 0 • 026 volt per barye,* 
when the acoustic pressure on the microphone dia¬ 
phragm is supplied by a thermophone as previously 
mentioned. The amplifier is capable of adjustment in 
steps of 0 • 2 decibel. It is interesting to note that the 
output from a solid-back carbon microphone equal in 
efficiency to the Department’s standard, working on a 
2 ero-ohm local line into a non-reactive impedance of 
600 ohms, is 1*3 volts with normal speech. Assuming 
that normal speech creates an acoustic pressure of 30 
dynes per cm^ on the microphone diaphragm, the 
numeric in this case is 0*0434 volt per barye, indicating 
that the Department’s standard is of the order of 4*5 
decibels better than the undistorted S.F.E.R.T. 

The output impedance of the microphone amplifier 
is 600^, the permissible range in modulus being 570-630 

ohms and that of the argument ± 10®. 

The non-reactive artificial line has a characteristic 
impedance of 600^ and an attenuation of 24 decibels. 

The receiver consists of a 3-stage resistance-capaci¬ 
tance amplifier, having an input impedance of 600/0°, 
with the same limits as for the microphone amplifier, 
operating a high-quality moving-coil receiver. The 
performance of the receiver and amplifier is shown in 
Fig. 23, the numeric over a frequency range 500 to 2 500 
cycles per sec. being 16*5 baryes per volt. It will be 
seen, therefore, that over this frequency range the 
overall performance of the S.F.E.R.T. with zero junction 
is 0^43 barye/barye, i.e, an overall attenuation of 
7’Si decibels. 

The microphone and receiver amplifiers of the 
S.F.E.R.T. are capable of being distorted, in order that 
their frequency characteristics should be similar to 
those of a commercial transmitter and receiver respec¬ 
tively, thus eliminating tone difference’ to a large extent 
when testing such instruments. However, this has 

’•'1 baxye »» 1 dyne per cm®. 
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found to inteoduce errors when testing different 
S microphones, and for the timi being its 

tSsto omri F E R T y oh^ac- 

bv iirfn., H « junction obtained 

by using different methods of calibration of the instru¬ 
ments are reproduced in Fig. 24. The differences which 


measurements made with ears pressed to the standard 
earcap. 

The Primary Standard Circuit of the British Post Office. 

The reference circuit which has been adopted by the 
British Post Office as primary standard is similar to 
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Fig. 26. 


occur are surprisingly great, and it would appear that I the S F F R t • • • , 

considerable investigation is required before ^e actuS Se “ P^^^^iple but does not incorporab 

characteristic of the circuit in^ voice-ear teste <i b1 S^eiSr ^f^ente for the microphoS anc 

ascertained. It is probable that this performa^ ^ from ^ 
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Fig. 26.-Primary standard circuit. Microphone amplifier. 


used are^ similar to those of the S.F.E.R T and aj 
ghbmted periodicity by the methods describi i 
Part I, Occasionally they are sent to the C CI labor 
llrw ? thermophone calibration. The latti 

^ibration IS used for determining the necessary gai 
of the associated amplifiers, in order to ensure S/tt 



HARBOTTLE: SOME ACOUSTIC AND TELEPHONE MEASUREMENTS. 


performance of the complete circuit shall be the same 
as that of the S.F.E.R.T. The British electro-acoustic 



Fig. 27.—Sending booth. 


calibrations serve to detect any change which may have 
occurred in the instruments. 


and is capable of adjustment in steps of 0-5 decibel. 
The combined frequency characteristic of the micro¬ 
phone and amplifier has been included in Fig. 22. A 
volume indicator similar to the one recommended by 
the C.C.I. is connected across the output of the micro¬ 
phone amplifier, its instrument being fitted in the 
microphone cabinet. This cabinet is lined with celotex 
to minimize reflection, as indicated in Fig. 27. Thus 
the microphone is spoken into under conditions which 
are similar to those in open air, and extraneous room 
noise is considerably reduced. 

The receiver amplifier is also 3-stage resistance- 
capacitance coupled, as will be seen in Fig. 28. Its 
voltage gain, expressed in decibels, is of the order 
of zero. The combined frequency characteristic of 
receiver and amplifier has been added in Fig. 23. The 
receiving-end cabinet includes a S.E.T.A.C. 

Arrangements are included so that distorting net¬ 
works similar to those used on the S.F.E.R.T. can be 
connected in the microphone and receiver amplifiers, 
not necessarily for the purpose of reducing tone difference 
in volume-efficiency measurements but for comparative 
articulation tests. Associated with each amplifier is a 
milliameter by means of which anode and filament 
currents and voltages, and grid voltages, can be checked, 
suitable shunts and series resistances being incorporated 
in the amplifiers themselves. 

Routine calibration of the amplifiers is carried out 
twice daily by means of a valve oscillator and a.c. 
microammeter. The frequency of the oscillator is 
800 cycles per sec., although this will probably be 
increased to 1 000 cycles per sec., and the output wave¬ 
form is purified by a balanced 4-section low-pass filter. 
The output of the oscillator is approximately 1 volt 
across an impedance of 600^. The output impedance 
of the oscillator is also 600/0°, and the a.c. microammeter 
is arranged to have the same impedance. The circuit 
of the oscillator is shown diagrammatically in Fig. 29. 

To calibrate the microphone amplifier, the oscillator 


Distorting network 



Fig. 28.—Primary standard circuit. Receiver amplifier. 


The microphone amplifier is 3-stage resistance- is connected to an impedance of 600/^. The p.d. 
capacitance coupled and is wired in accordance with across a definite fraction of this is impressed on the 
Fig. 26. It has a gain of approximately 18* 5 decibels amplifier in series with the microphone. The output 
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from the amplifier is connected via the non-reactive 
artificial line to the a.c. microammeter. The line is 
set so that its attenuation, together with the attenuation 
introduced by tapping-off a fraction of the oscillator 
output, are equal to the required gain of the amplifier, 
and the amplifier attenuators are then adjusted until 


microphones, comparison being made with working 
standard receivers. The efficiencies of these are obtaini'^ l 
from tests against receivers of the same type, which 
are reserved for calibration purposes only. As with 
standard carbon microphones, these receivers ore cart*- 
fully treated and stored in the standards room. Ik'fore 



AC microammeter 

Fig. 29. —Primary standard circuit. Oscillator. 


the reading on the microammeter is the same as when 
the oscillator is connected to it direct. 

The receiver amplifier is calibrated in the following 
nmnner. The output from the oscillator is connected 
via the non-reactive artificial line to the amplifier, and 
the a.c. microammeter is joined across the output, the 
receiver being in circuit. The length of Une is set to 
the gain required of the amplifier, and then the amplifier 
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Fig. 30 . Relation between articulation tod intelligibility. 

attenuators are so adjusted that the reading on the 
mi«o^eter is the same as that obtained with Se 
osemator direct. In this case the a.c. microammeter ^ 

tatrodaced ttaaby 

id ^ ““ the 

Receivers, 

measurements on receivers are 
earned outj on the same circuits as those used Tor 


the introduction of the primary standard circuit, the 
efficiencies of these standards were obtained periodica !h' 
by various cross-checking methods. 

Methods of Balancing, 

There are at present two distinct methods by which 
voice-ear tests, for obtaining volume-efficiency measure¬ 
ments, toe carried out. In the first, which has been 
standard practice in England for a considerable number 
of years and wto umversally used until recently, three 
observers-A B, and C-are required. Hence, six 
different sp^ker-listener combinations can be obtained, 
VIZ. A-B, B-A, A-G, G-A, B-G, and G-B, so that the result of 
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Fig. 31.-Relatioii hereto axticulatiou and intensity of 
received speeGfi. j ^ 

one complete test is the mean of six distinct observations 
Suppose that comparison between two carbon micro- 

£cuff and standard common-battery 

circuit and that A is speakmg to B. Having tanned the 

microphones and adjusted his volume to ^the^ correct 
level by means of a volume indicator associated w^t^+he 
circuit or a speech meter, A counts “T 2^*1 
into the test microphone and then into standard 
nncropbone. When B signals bis verdict (test in 
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•'Arrangements are made so 
tnat this balancing length can be thrown by C at will 
m senes either with the test or •with the standard In 
order that the listener shall be on the alert, a reversing 
key IS mtroduced so that when testing microphones the 
op^ation of the whole circuit can be reversed unknown 
to him. It -will be seen that in the above method each 
o has only one duty to perform at any one time 

and IS thus able to concentrate on this, -with the result 
that a more careful test can be made. 

The second method is used in America and is at 
present being tried in the Research Section of the 


as the percentage of meaningless monosyllables correctly 
transmitted. The relationship between intelligibility 
and articulation has been found to be given by the 
curve in Fig. 30.* Both are functions of the frequency 
characteristic, the air-to-air attenuation, and, to some 
extent, the amplitude characteristic of a circuit. The 
effect of attenuation on articulation will be appreciated 
by reference to Fig. 31.f Articulation measurements on 
carbon microphones and commercial receivers are made 
on the standard worldng circuit used for volume- 
efSciency measurements, comparison being made with 
standard microphones and receivers. The articulation 
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British Post Office. Only two observers are required, 
the listener making his own balance. To eliminate the 
possibility of his guessing the correct balance from the 
results of previous observations, a length of artificial cable 
known only to the speaker and changed at the beginning 
of each observation is connected in circuit ■with -the stan¬ 
dard, the listener’s adjustable cable being in series with 
the test (or vice versa). This method is cheaper than 
the former ^d it is claimed that equally reliable results 
can be obt^ed in less time. However, it would appear 
that there is far more strain on speaker and listener. 

IntelligibilUy and Articulation, 

The intelligibility of a circuit can be defined as the 
percentage of ideas correctly transmitted over the 
circuit. The articulation efficiency of a circuit is defined 
VoL. 71. 


efficiency of the test is given as a percentage of that 
obtained with the latter. Since the mean level of the 
received speech on the circuit used is of the order of 
60 decibels above -threshold, it -will be seen that from the 
attenuation point of view this circuit is ideal, a change 
® decibels having little effect on the articulation 
efficiency. In order to reduce the time taken for a 
complete test with three observers, four receivers are 
j(^ed in series-parallel, thus enabling two listeners to 
obseiwe simultaneously, and yet maintaining the electrical 
conditions as far as impedance matching is concerned. 

The actual monosyllables or logatoms used for arti- 
OTlation testing in the Research Section of the British 
Post Office are of the consonant-vowel-consonant com¬ 
bination, made up by means of a word-building machine. 

* See Bibliography. (26). t Ibid. 
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There large brass wheels carry type on their periphery. 
The frequency of occurrence of the various sounds 
corresponding to the t 3 pe has been arranged to be 
approximately the same as their occurrence in actual 
speech. The wheels are rotated at different speeds by a 
friction drive and, by pressing a key, the wheels are 
disengaged from the drive, stopped, and the letters in 
a certain position are printed on a strip of paper by 



_ 2000 3000 
brequency, cycles per sec. 

Fig. 33.—Efiect on articulation of eliminating certain 
frequency bands. 

ineans of a typing ribbon. A typical list of syllables so 
obtained is given in Fig. 32, together with a pro- 
nunciation key. 

It will be evident that a practice effect will enter into 
the results from any particular observers. Thus, an 
inexperienced testing crew will obviously give far lower 
figures than a highly trained crew. In order to quote 
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Band articulation 

Fig. 34.—Relation between band articulation and ideal 

sound articulation for English speech. 

efficiency of a particular instrument 
correctly, the results obtained by the two crews above 
must be converted to a common figure. Two methods 
for doing ^^axe at present being investigated by the 
C.C.l. A bnef descnption of these methods follows:— 

( 1 ) The British Method, 

is due to ailmd, of the I.T. and T. Laboratories.* 
y this method articulation efficiencies obtained by 

* See Bibliography, ( 27 ) and (28). 


any crew are converted to the figure which would have 
been obtained by an ideal crew. 

From an examination of the oscillograms* and curves 
similar to those given in Fig. 33, f for the sounds occurring 
in speech, Collard has stated that each sound is com¬ 
posed of one or more characteristic frequency bands 
and that the sounds are recognized by these bands. 
Having determined the number of bands, the mean fre¬ 
quency, and the level of these bands for all the sounds 
occurring in a language, it has been found possible to 
calculate the curve in Fig. 34, which gives the relation¬ 
ship between band articulation, 6, and ideal sound 
articulation for the la.nguage. Band articulation is 



Frequency, cycles per sec. 


Fig. 36. —Characteristic of low-pass filter, Noininal cut-off 
= 1 600 cycles per sec.; = 600 ohms; m = 0-6. 

defined as the average probability that a characteristic 
band will be correctly received. Thence, from Fig. 33, 
the band articulation, A6, contributed to the whole by 
each 100-cycle frequency band in the speech range has 
been obtained. The average probability of recMving a 
fr^uency band correctly will depend on the level of 
this band above mean threshold, and hence, for a 
particular circuit, if the level of each 100-cycle band 
can be determined and if A6 is taown for^^e^^ band, 
the total band articulation, b = XjpA6, and, therefo're, 
the ideal sound articulation of the circuit, can be cal¬ 
culated, p being the number of speech components within 
the band which are above threshold. This has been 
done in Appendix III for a solid-back and a new hand 
micxo-telephone carbon microphone when operating on 
a high-quality circuit, the minimum air-to-air attenua- 

• See Bibliography, (29). f md., (26). 
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tion being assumed to be 30 decibels and the attenuations 
introduced by the microphones having been calculated 
from the curves in Fig. 7. The ideal sound articulation 
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Fig. 36.-—Impedance of low-pass filter. 

Nominal cut-ofi = 1 500 cycles persec.; “ 600 ohms: terminated 
by 600 /O^. 

of the new hand micro-telephone is in this case 90 per 
cent, as compared with 63 per cent for the solid-back 
type. These results agree very well with speech.* 


SendinjJ ■ .Cord 
instrument circuit 


fcdlrr:-:-: 

tpcal Junction 

line 


Amplifier 


sponds to a band articulation of b', then the crew factor 
z is given by b/b'. If the crew then obtain an articular 
tion efficiency of a'' per cent, corresponding to a band 
articulation of 6" on a particular circuit, the ideal sound 
articulation for this circuit is given by the value corre¬ 
sponding to zb" in Fig. 34. 

A suitable circuit for crew calibration is the undistorted 
S.F.E.R.T. in which is included a low-pass filter cutting 
I off at 1 550 cycles per sec. Details of a suitable filter 
are given in Figs. 35 and 36, together with its attenuation 
and impedance characteristics. The band articulation 
with this jfilter is 0*55. 

(2) The American Method,^' 

By this method the articulation efficienc^^ obtained 
by a particular crew is converted to that which would 
have been obtained by an average crew. It has been 
found that the articulation efficiencies obtained by a 
particular crew on the same circuit at different periods 
of its training, or by two different crews on a number of 
different circuits, when plotted against each other result 
in a curve of tlie form 

1 ~ A = (1 - ^ 2 )^ 

where A-y and are the corresponding articulation 
efficiencies obtained, and x is a constant. Thus, to 
calibrate a crew it is only necessary for it to make a 
test on a circuit on which the articulation efficiency of 
the average crew is known, and substitute in the above 
equation to determine x. The particular circuit sug¬ 
gested is the S.F.E.R.T. with various distortions. The 
efficiency for the average crew has still to be determined. 

Side-tone, 

Side-tone in a telephone instrument may be defined 
as the volume of sound which is heard in the receiver 
of the instrument due to sound input to the microphone 
of the same instrument. The effect of excessive side- 
tone in an instrument is twofold. In the first case, it 
is a real source of annoyance to the speaker, Fle will 
hear room noise in his receiver as well as speech from 

Cord Rcceivim/ 

^ . circuit iftstTurneul 


“d h- nr 

,7-1-in place of 

1-uc.cij nn microphone 


Change-over 

r^ays 


Fig. 37. —Side-tone measurement. 


In order to calibrate an articulation-testing crew, all 
that is required is a testing circuit of which the value of 
b is known. Suppose that, using this circuit, the crew 
obtain a sound articulation of ft' per cent, which coire- 

See Bibliography, (SX). ^ ^ 


the Other end of the circuit, and, if the former is com¬ 
paratively loud, connected conversation v/ill' be imprac¬ 
ticable in a number of cases. Secondly, it causes the 
speaker to talk at a lower level in order to reduce the 

• See Bibliography, (30). 
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annoyance due to his hearing his own speech. This 
will degrade his sending efficiency. As a result of a 
preliminary investigation it has been found that a 
reduction in the amount of side-tone in the receiver of 
the new hand micro-telephone by approximately 9 
decibels has the effect of causing the speaker to increase 
his volume by approximately 3 decibels. An ideal 
state is reached when the side-tone is of the same level 
as the sound heard in the free ear, although this is 
governed to a large extent by the location of the instru¬ 
ment. 

The circuit used in the Research Section of the British 
Post Office for measuring the side-tone from telephone 
instruments is shown diagrammatically in Fig. 37, 
and details of the amplifier in this circuit are given in 
Fig. 38. The gain of the amplifier, which is 2-stage, is 
approximately 36 decibels. Routine gain measurements 
are made in the following manner:—An a.c. potential 
difference of approximately 1 volt at 800 cycles per sec. 


circuit used in the British Post Office, then the side- 
tone from a particular instrument is 

|30 + (p — g) + (r + s)} 

decibels louder than the speech received on this 
standard working circuit, when using instruments 
equal in efficiency to the Department's standard. 

The side-tone from the average common-battery 
instrument working on a 300-ohm local line is about 
37 decibels louder than the standard above. With the 
new hand micro-telephone fitted with an anti-side-tone 
transformer No. 35A, which has its primary winding 
connected directly across the microphone and its 
secondary across the receiver, the figure is 27*5 decibels 
when the microphone is spoken into at the modal position. 

Since the presence of excessive side-tone has a psy¬ 
chological effect in causing a speaker to reduce his 
speech volume, effective transmission tests are made 
on new types of instruments, so that this effect can be 



is applied across the input of the non-reactive artificial 
line which precedes the amplifier. The attenuation 
due to both pads of art i ficia l line is then adjusted so 
tha.t ae same p.d. is obtained at the ou^ut of the 
artificial line which immediately succeeds the amplifier, 
when this is closed by its characteristic impedance. 
The voltage measurements are made by TUftana ©f a 
Moullin voltmeter. 

The method of reducing the volume of sound in the 
listening receiver is by the series-parallel arrangement 
shown, the impedance of the combination remaining 

approximately equal to that of a single receiver. 

The side-tone from the instrument is thus balanced 
against the oiiigput firom the circuit direct by varying 

the length of artificiai line in the direct circuit. 

This amount of side-tone can be compared with ' the 
volume of speech received on any standard circuit, 
when the following are Imnaim •— 

(а) The gain of the amplifier (p decibels) . 

(б) The equated length above (g decibels). 

(c) The sending allowance of the sending instrument 
h terms of the standard circuit (s decibels better). 

(<9 The cprresponding receiving aUowsmce of the 
Bceivii^ instrument (r decibels better). 

If the comparative circuit is tihe skndard working 


appreciated when considering their sending allowances, 
to these tests the receiver of the instrument under test 
is held to the speaker’s ear when the microphone is being 
Spoken into. 

PART 3. MECHANICAL-ELECTRICAL MEASURE¬ 
MENTS ON COMMERCIAL MICROPHONES 
AND RECEIVERS. 

It has long been the aim of those investigators in 
telephony who have been particularly concerned with 
the determination of the volume efficiencies of carbon 
microphones and Bell receivers by speech, to replace 
the voice and ear by suitable electrical means in order 
that the inherent variations among individuals might 
be eliminated. Moreover, the testing of every instru¬ 
ment in a new batch of supplies by voice-ear methods 
occupies a considerable amount of time and is com¬ 
paratively costly, In 1916 a method was suggested by 
Cohen for testing carbon microphones.* The voice 
replaced by a rhythmic tone from a Bell receiver. 
The fundamental resonance of this receiver was eli¬ 
minated to a large extent by means of an electrical 
resonant shunt across the receiver terminals. The 

♦ See Bibliography, (32). 
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receiver was connected in the secondary circuit of a 
transformer, which had a rhythmic interrupter, and a 
suitable battery was connected across the primary. The 
rhythmic interrupter consisted of a brass wheel 30 cm 
diameter with its periphery slotted transversely. The 
slots were filled with mica. The resultant widths of 
brass and mica increased uniformly round half the cir¬ 
cumference from 2 mm and 1 • 8 mm to 4 mm and 3 • 5 mm 
respectively. The wheel made 160 revolutions per 
minute, and this speed was maintained constant by 
means of a governor which inserted a resistance in the 
armature circuit of the shunt driving motor when the 
speed became too high. The range of frequencies 
obtained with this arrangement was therefore 600 to 
1 200 cycles per sec. This arrangement is still used as 
the source of the warble tone for the life testing of 
carbon microphones." The listener’s receiver and ear 
were replaced by a valve voltmeter, transformer- 
coupled, the rectifier being carborundum-steel and the 
instrument a reflecting galvanometer. The microphone 
under test was compared with a standard carbon micro¬ 
phone, both microphones being connected alternately 
in the standard common-battery circuit. The receiver 
was made to howl into the test and standard microphones 
alternately, and its movement was utilized to make the 
necessary change-over connections in the circuit. The 
balancing cable was adjusted until equal deflections 
were obtained with both microphones. 

The rhythmic tone now used is far more complex 
than the above.* It is obtained by means of a valve 
oscillator having its anode-circuit inductance tuned by 
a rotating air condenser. The speed of the condenser 
is 300 r.p.m. and the range of frequencies 600 to 1 600 
cycles per sec. This rhythmic frequency is mixed with a 
steady frequency of 180 cycles per sec. in a definite pro¬ 
portion and rectified. After rectification the 180-cycle 
component is filtered out. Thus an alternating current 
of complex wave-form is obtained, the minimum and 
maximum frequencies being 420 and 1780 cycles 
respectively. (If / is the frequency of the rhythmic 
oscillator at a particular instant, then the frequencies 
simultaneously present will be/,/ -|- 180, and/ — 180.) 
This alternating current is amplified to the correct level 
and fed into a moving-coil loud-speaker. The mean 
output from the loud-sjpeaker at the position occupied 
by the front of the mouthpiece, when testing solid- 
back microphones, is 30 dynes per cm^. 

Another method of producing the rhythmic howl is at 
present under investigation. An arrangement of neon 
lamps is used in which the rotating condenser is not 
required. 

Microphone Measurements. 

When testing solid-back carbon microphones the 
mouthpiece of the microphone is held against a guard 
in front of the loud-speaker. 

For micro-telephones the guard used is some distance 
further away from the loud-speaker to allow for the 
position occupied by the mouth when using an instru¬ 
ment of this type. The microphone is connected in its 
appropriate instrument circuit and is supplied with 
direct current from a standard common-battery cord 
* See Bibliography, (3a) and (.S4). 


circuit via a 300-ohm non-reactive local line. The 
junction side of the cord circuit is connected to a non- 
reactive resistance of 600 ohms. The a.c. potential 
difference across a fraction of this resistance is measured 
by means of a valve voltmeter which has its frequency 
characteristic distorted to simulate that of a Bell 
receiver when held to the average human ear. The volt¬ 
meter is of the balanced anode-bend type; balance 
is obtained by means of a fraction of the p.d. applied 
to the loud-speaker, the amount being so arranged that 
with a microphone under test equal in efficiency to the 
Department’s standard, the d.c. voltmeter connected 
in the anode circuit of the two rectifying valves will give 
a mid-scale reading. The voltmeter is calibrated as 
follows: The rectifying valve and amplifier normally 
operated by the output from the microphone under 
test is connected to a second potentiometer capable of 
adjustment in steps of 2 decibels, the deflections with 
the corresponding settings of this potentiometer being 
marked on the scale. 

In the actual test on carbon microphones the loud¬ 
speaker is operated automatically at intervals of 2 
seconds for a period of 2 seconds, the reading during 
the fifth period being taken. By this means the efficiency 
of the microphone is measured when it is in an unpacked 
condition. The resistance of the microphone is measured 
(with the howl on) immediately afterwards on the same 
voltmeter by simply operating a key. 

By this method about 120 microphones per hour can 
veiy accurately be tested for volume efficiency and 
resistance, as compared with about 60 per hour from two 
skilled observers by voice-ear tests, in which the degree 
of accuracy is not so high. 

Receiver Measurements. 

In order to obtain the efficiency of a receiver by the 
method described above, the receiver is treated as an 
alternator. It is fitted with an artificial ear* which 
carries a mouthpiece, and this mouthpiece is held against 
the guard used for testing solid-back microphones. A 
continuous howl is used, since no packing occurs in this 
instance, and the method of test is very similar to the 
one described for microphones. As many as 1 900 
I'eceivers per day have been tested by one set of apparatus. 

The source of supply of the various d.c. voltages for 
these tests can be either a motor-generator supplying 
filament and anode voltages or a battery of accumulators 
charged by rectifiers at night for the filaments and a 
metal rectifier for the anodes. 

Although the method of test described above has been 
very useful in accepting supplies of solid-back carbon 
microphones and of the new micro-telephone of a par¬ 
ticular manufacture, it must be pointed out that it is 
still in the development stage, and therefore cannot be 
used indiscriminately. 

** Frying** of Carhon Microphones. 

The characteristic “ fry " of a carbon microphone is 
due to sparking and arcing between granules and between 
granules and electrodes. It is generally more prevalent 
in high-resistance microphones. This " fry," if present, 
has the same effect as any other noise in a telephone 
circuit and reduces the intelligibility of the circuit. 

* See Bibliography, (35). 
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The amount of "' fry in a carbon microphone is measured 
by means of a valve voltmeter. This voltmeter is 
c^ibrated by means of an artificial “ fry/* produced 
in the following manner. A copper disc 9 in. diameter 
carries 16 4-in. lengths of No. 28 S.W.G. piano wire. 
The disc is rotated slowly, causing the wires to scratch 
over a coarse file. This causes an irregular contact 
resistance between the disc and the file. This contact 
in series with a suitable battery is connected across the 
primary circuit of a transformer. The secondary 
circuit contains a thermo-milliammeter and a resistance 
of 0 • 5 ohm. The valve voltmeter is calibrated by the 
voltage across this resistance. 

In the actual measurement, the microphone is joined 
in the sending-end circuit of the standard common- 
battery circuit, the local line used being of 35 ohms. 


teristics of the terminal apparatus,*^ the C.C.I. propose 
that the noise meter shall be connected across the 
receiver in a subscriber’s instrument circuit, which 
forms part of a circuit model. The model is to be the 
equivalent of a trunk exchange cord circuit, trunk 
junction, common-battery exchange cord circuit and a 
subscriber’s local line, all connected in tandem to the 
subscriber’s instrument. Each component is to be the 
average for the type. 

The input impedance of the noise meter is to be not 
less than 10 000 ohms. The specified frequency/response 
characteristic is- to approximate to the mean curve 
in Fig. 39 with the tolerances indicated. This charac¬ 
teristic is the inverse of the relative voltages of 
single-frequency disturbances which will produce an 
equal loss in articulation efficiency on the above circuit. 



resistance. The junction is replaced by a non-reactive 
resistance of 600 ohms. The maximum permissible volt¬ 
age due to “ fry ” across this resistance is 0- 3 millivolt. 
The valve voltmeter is actually connected across an im¬ 
pedance which replaces the receiver in the above circuit 
and is equivalent to the impedance of the latter at 800 
cycles per sec, A high-impedance receiver is connected 
across the 600 ohms so that the noise causing a de¬ 
flection may be heard. In order to ensure that this 
measured noise is due to fry,” the measurement is 
made in a well-silenced cabinet. 

It is highly probable that a noise meter which has a 
performance similar to that recommended by'1 the 
G.C.I. for the measurement of noise on telephone lines, 
will shortly be used to measure the amount of ” fry ” 
from carbon microphones. 

The C,C.I, Noise Meter, 

Since the effect of noise induced on a telephone fine 
will depend on the impedance and attenuation charac- 


It will be observed that the peak is at the frequency of 
the fundamental resonance of the receiver, when held 
to the ear. (The frequency characteristic of the meter 
suggested for determining the amount of noise on radio 
circuits is much flatter than the above.) 

The instrument is to record the R.M.S. value of the 
various frequency components in the noise, although 
the disturbing effect of a noise has probably a value 
between the mean and R.M.S. values of the components.f 
The maximum permissible amount of noise has been 
tentatively fixed at that which will cause a loss in arti¬ 
culation ef&ciency of 6 per cent. This is of the order 
of 0’3-0*4 mV at 800 cycles per sec. across the receiver 
terminals. The noise meter is calibrated by a fixed 
frequency at 800 cycles per sec., and in order to obtain 
a measurement independent of the particular receiver 
used this is multiplied by the factor V(®00/^), where 
Z is the modulus of the impedance of the receiver. By 
this means the measured noise is converted to that 

♦ See Bibliography, (36 f (37), 
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which would have existed across a resistance of 600 
ohms. 

An experimental noise meter on the above lines has 
been constructed in the Research Section of the British 
Post OfiSice. The frequency characteristic of this meter 
has been included in Fig. 39, together with a circuit 
diagram of the network by which this performance is 
obtained. The input impedance is greater than 4 000 
ohms. The network is connected to a 4-stage resistance- 
capacitance-coupled amplifier, the output of which 
operates a thermal milliammeter or, if greater sensi¬ 
tivity is required, a full-wave anode-bend rectifier. A 
schematic diagram of this rectifier is shown in Fig. 40. 
The valves selected have similar characteristics and 
these follow a square law very closely over the required 
range. 

Life Tests on Carbon Microphones. 

In order to obtain the effect of practical use on the 
performance of carbon microphones, selected ones from 


It—'F 
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Fig. 40.—Full-wave anode-bend rectifier.. . 

any new type or new supply are submitted to an ageing 
or life test. The microphones are mounted on vertical 
rods in a cylindrical tank, the temperature of which can 
be controlled by means of a thermostat. They are 
connected in the particular circuit in which it is intended 
they shall be used, i.e. a common or local battery. The 
cycle of operations to which the microphones would be 
subjected in an average call, 1|- minutes in practice, is 
simulated, the mechanical treatment being replaced 
by a more or less equivalent electrical effect, as follows —• 

(1) Feeding current is switched on, representing the 
lifting of the receiver from its switch hook by the sub¬ 
scriber. 

(2) A klaxon is operated momentarily—this simulates 
the removal of the receiver by the subscriber. 

(3) 7*5 secs, later theniicrophone is subjected to a 
rhythmic howl or warble tone for 7-6 secs. This tone is 
repeated seven times at intervals of 7 - 6 secs. 


(4) At the end of 1J minutes the current is switched 
off, the klaxon having previously been momentarily 
operated. 

There is then an interval of 1|- minutes, after which the 
above cycle is repeated. Assuming that in practice the 
number of calls per subscriber per year is 3 000, it will 
be seen that by this means the effect of a year’s use on 
a microphone can be obtained in about a week. Having 
obtained the volume and articulation efficiencies and 
the resistance of the microphone before and after this 
test, an estimate of the suitability of the microphone for 
service can quickly be arrived at. 

Receiver Flux Measurements. 

To make these measurements a search coil is connected 
to a ballistic galvanometer. The galvanometer is cali¬ 
brated by means of breaking a known current in the 
primary circuit of a known mutual inductance, the 
secondary of which is connected to the galvanometer. 
The search coil used consists of a known number of 
turns (approximately 200) of No. 47 S.W.G. enamelled 
copper wire wound diametrically round a slotted dia¬ 
phragm, the width of the coil being such as easily to 
clear the pole-pieces of the receiver magnet under test, 
and the depth being sufficiently small to enable the 
diaphragm to occupy its correct position. Flux measure¬ 
ments on a Bell receiver are given below, together with 
other relevant information. 

Normal flux = 970 maxwells. 

Additional flux due to 25 mA = 82 maxwells. 

Reduced flux due to 25 mA = 88 maxwells. 
Cross-sectional area of pole-pieces = 0*23 cm^. 

Normal flux density = 4 210 gauss. 

No. of turns on winding = 2 x 605 = 1 210. 

Average reluctance at normal flux = 0*45 oersted. 
Length of air-gap = 2 x 0*012 x 2*54 = 0*061 cm. 
Reluctance of gaps = 0*265 oersted. 

Reluctance due to iron circuit “0*185 oersted. 

D.C. inductance of receiver windings = 0*041 henry. 
D.C. resistance of receiver windings = 60 ohms. 

A.C. impedance at co = ZttJ = 5 000, with testing 
p.d. of 1 volt, when held to artificial ear = 141 
[ +yi41 == 200 ^ = U1+ yct>0*028. 

Demagnetization of Receiver Magnets. 

A receiver magnet is weakened by:— 

(а) Rough mechanical treatment. 

(б) A heavy reverse direct current in the windings, and 
(^) Large alternating currents in the windings. 

The effect of the above on any new type of receiver is 
determined, so that an estimate of its commercial life 
can be ascertained. The mechanical treatment is 
applied by suddenly dropping the receiver a distance of 
about in., 50 000 times, the normal ear-cap being 
replaced by a similar one made of steel. 

The change in. flux^ after having been subjected to 
reverse direct currents up to 200 mA for varying lengths 
of time, is measured. As regards (c), the receiver is 
connected in its normal circuit and an a.c. supply of 
80 volts at 16 cycles per sec. is applied to the circuit for 
a considerable time to determine the effect of ringing 
current on the receiver magnet. 
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PART 4, MEASUREMENTS OF THE COM¬ 
MERCIAL EFFICIENCY OF TELEPHONE 
APPARATUS. 

In certain districts it is now possible to make routine 
measurements of a subscriber’s transmission at his 
exchange. The instrument used is essentially a valve 
voltmeter. The rectifier is similar to the one employed 
in the speech meter, with the exception that the grid 
leak is connected to the filament of the valve via a 
relay contact. This relay is very sensitive and is operated 
by means of an amplifier rectifier from the actual speech 
currents. Thus, the recording instrument measures the 
subscriber’s volume and its reading is quite steady, since, 
during an interval, the grid of the rectifying valve re¬ 
mains insulated, and the condenser remains charged to 
its previous value. If complaints are received of poor 
transmission or if abnormal transmission is noted in 
these routine tests, the overall transmission of the 
circuit is tested as follows:— 

A lineman takes a previously calibrated carbon 
microphone to the subscriber’s premises. This is con¬ 
nected across the line with the receiver of the ordinary 
instrument still on the switch hook, i.e. the 1 000-ohm 
hell and 2-)u,F condenser form the only shunt across the 
microphone. The lineman then counts 1, 2, 3, 4, 6 
into the calibrated microphone at his normal volume- 
level. The reading obtained on the valve voltmeter 
at the exchange is noted. Then, having disconnected 
the calibrated microphone and removed the receiver 
from its switch hook, the lineman speaks in the same 
manner into the subscriber’s microphone and the 
reading on the exchange instrument is again noted. If 
the loop resistance of the subscriber’s line is known, 
the feeding current to the calibrated microphone can 
be calculated and its efficiency, when used in the above 
condition, estimated from the curve shown in Fig. 15. 
Thus any fault in a subscriber’s microphone can be 
discovered and rectified. 

A similar measurement has also been used for deter¬ 
mining the efficiency of subscribers’ receivers in situ, 
but since very little trouble is experienced in this 
connection it has now been discontinued. 

An endeavour is at present being made to replace the 
voice in these tests by a standard noise produced by 
simple mechanical means. 

The above test takes no account of the articulation 
efifiiciency and therefore of the intelligibility of the circuit, 
and it is possible that in certain cases the volume effi¬ 
ciency of a circuit may be normal and yet the circuit 
may not be commercial. Although the performance of 
the various instruments, circuits, etc., can be estimated 
from the measurements previously described in the 
paper, it is thought that a further means of obtaining 
their commercial efficiency when in actual use should 
be developed. A method of obtaining this efficiency is 
shortly to be put in hand, and series of tests will be made 
on selected circuits. It is ejected that these tests 
will extend over a period of about three years iand that 
valuable information will be obtained therefrom. The 
results of ikese tests will probably be the subject of a 
later paper. . .. 


Conclusion. 

An attempt has been made to indicate the progress of 
standardization in recent years of the measurements 
made on telephone instruments. It will have been 
appreciated that the subject is one of considerable 
interest and has many pitfalls. 

As an example of the results obtainable from tackling 
telephone instrument problems on scientific lines, the 
introduction of the new hand micro-telephone will 
probably suffice. 

Owing to the wide scope of the paper, a considerable 
amount of interesting detail has perforce been omitted. 
It is hoped, however, that the Bibliography is suffi¬ 
ciently complete to enable any further information on 
the subject to be obtained. 

Finally, the author desires to express his thanks to 
the Engineer-in-Chief of the British Post Office for 
granting permission for the paper to be read, since it 
includes much official information. Also the author’s 
thanks are due to Captain B. S. Cohen, staff engineer in 
charge of the Research Section of the British Post 
Office, and to all other members of the staff of the 
Research Section, especially the author’s colleagues in 
the Transmission Apparatus group, without whose 
valuable assistance the preparation of this paper would 
have been impossible. 

BIBLIOGRAPHY. 

Part 1. 

(1) E. C. Wente: '‘Condenser Transmitter for 

Absolute Measurements,” Physical Review, 1917, 
vol. 10, p. 39. 

(2) S. Ballantine: "Technique of Microphone Cali¬ 

bration,” Journal of the Acoustical Society of 
America, 1932, vol. 3, p. 319. 

(3) E. C. Wente: "The Thermophone,” ibid,, 1922, 

vol. 19, p. 333. 

(4) W. West: " A ' Point Source ’ of Sound,” Pos^ Office 

Electrical Engineers' Journal, 1927, vol. 20, p. 185. 

(5) E. Mallett and G. F, Dutton: " Acoustic Experi¬ 

ments with Telephone Receivers,” Journal IE,E,, 
1925, vol. 63, p. 502. 

(6) Lord Rayleigh: " Sound.” 

(7) W. Konig: " Theory of Small Rayleigh Disc,” 

Annalen der Physik und Chemie, 1891, vol. 43, p. 43. 

(8) E. J. Barnes and W. West: " Calibration and 

.Performance of Rayleigh Disc,” /owmaZ I.E.E., 
1927, vol. 65, p. 871. 

(9) W. West: "Some Tests on Sound Absorbing 

Materials,” Post Office Electrical Engineers* 
/owrwa/, 1927, vol. 20, p. 127. 

(10) W. West: "The Pressures on the Diaphragm of 

a Condenser Transmitter in a Simple Sound 
Field,” Journal I.E.E,, 1930, vol. 68, p. 441. 

(11) S. Ballantine: "Effect of Cavity Resonance on 

the Frequency Response Characteristics of the 
Cond&n.SQTyii(^G]fhoriQ,** Proceedings of the Institute 
of Radio Engineers, 1930, vol. 18, p. 1206, 

(12) E. Gerlach: Wissenschaftliche Veroffenilichungen 

aus dem Siermns-Konzern, \^%Z, vol. 

(13) W. West: " Measurements of the Acoustical 

Impedances of Human Ebis,** Post Office Elec¬ 
trical Engineers* Journal, 1928-29, vol. 21, p. 293. 



HARBOTTLE; SOME ACOUSTIC AND TELEPHONE MEASUREMENTS. 


(14) W. West: "An Artificial Ear," ibid,, 192^-30, 
vol. 22 , p. 260. 

(16) A. E. Kennelly: " Electrical Vibration Instru¬ 
ments." 

(16) E. J. Barnes: " Measurement of the Performance 

of Loud-Speakers," Experimental Wireless, 1930, 
vol. 7, pp. 248 and 301. 

(17) D. A. Oliver: "The Inductor Dynamic Loud¬ 

speaker," Wireless World, 1931, vol. 29, p. 579 . 

(18) N. W. McLachlan : " Natural Oscillations of Loud¬ 

speaker Diaphragms," Wireless World, 1929, vol. 
24, pp. 346 and 386. 

(19) N. W. McLachlan: " Experiments on Moving-Coil 

Loud-speaker," Philosophical Magazine, 1932, 
vol. 13, p. 115. 

(20) N. W. McLachlan: " Symmetrical Modes of Vibra¬ 

tion of Truncated Conical Shells; with Applica¬ 
tions to Loud-speaker Diaphragms," Proceedings 
of the Physical Society of London, 1932, vol. 44 , 
p. 408. 

(21) B. S. Cohen, A. J. Aldridge, and W. West: 

"The Frequency Characteristics of Telephone 
Systems and Audio-Frequency Apparatus, and 
their Measurement," Journal I.E.E., 1926, vol. 
64, p. 1023. 

Part 2. 

( 22 ) K. S. Johnson : " Transmission Circuits for Tele¬ 

phonic Communication." 

(23) L. J. Sivian: "Speech Power and its Measure¬ 

ment," Bell System Technical Journal, 1929, 
vol. 8 , p. 656. 

(24) D. Thierbach: Zeitschrift fur Technische Physik, 

1928, vol. 9, p. 438. 

(25) W. H. Martin and C. H. G. Gray: " The Master 

Reference System," Bell System Technical Journal, 
1929, vol. 8 , p. 636. 

(26) H. Fletcher: " Speech and Hearing." 

(27) J. Collard: " A Theoretical Study of the Articula¬ 

tion and Intelligibility of a Telephone Circuit," 
Electrical Communication, 1929, vol. 7 , p. 168. 

(28) J. Collard: " Calculation of the Articulation of a 

Telephone Circuit from the Circuit Constants," 
ibid., 1930, vol. 8 , p. 141. 

(29) I. B. Crandall: " The Sounds of Speech," Bell 

System Technical Journal, 1926, vol. 4 , p. 686 . 

(30) H. Fletcher and J. C. Steinberg: " Articulation 

Testing Methods," ibid,, 1929, vol. 8 , p. 806. 

(31) A. J. Aldridge, E. J. Barnes, and E. Foulger: 

"A New C.B. Microtelephone," Post Office 
Electrical Engineers* Journal, 1929, vol. 22 , p. 185. 

Part 3. 

(32) B. S. Cohen : ** Telephonometry," Institution of 

Post Office Electrical Engineers, Paper No. 70. 

(33) A. Hudson: " Mechanical Testing of Transmitters 

and Receivers," Post Office Electrical Engineers* 
1929-30, vol. 22, p. 193. 

(34) A. Hudson: " The Telephone Instrurnent Effi¬ 

ciency Tester," 1931, vol. 24, p. 31. 

(36) A. J. Aldridge : " The Measurement of Sound and 
its Application to Telephony," Institution of 
Post Office Electrical Engineers, Paper No. 124. 

(36) A. Morris: " Telephone Cable Circuit Inter¬ 
ference," zW., No. 126. 


(37) J. Collard: " Effect of Noise on the Articulation 
of a Telephone Circuit," Post Office Electrical 
Engineers* Journal, 1930-31, vol. 23, p. 187. 

APPENDIX I. 

Calculation of Constants of Telephone Receiver 
Diaphragm from Frequency Characteristics. 
Total mass of receiver diaphragm = 3*76 grammes 
Radius of receiver diaphragm = 2 • 62 cm 

Inside radius of clamping ring =2*38 cm 

Since the diaphragm is clamped at the edge, its motion 
for frequencies below that of its fundamental mode of 
vibration can be assumed to be of the form* 




where = displacement of the centre, 

a ~ inside radius of clamping ring, 
and X = displacement at a radius r from the centre. 

In this case, the mass of the equivalent piston is 
l/2*38\2 

3-76= 0-62gramme 

Also, since the average displacement of the diaphragm 
is the equivalent piston area, referred to the motion 
at the centre, is 

177(2*38)2== 6*93 cm2 

Volume Q of cavity between the diaphragm and 
standard ear-cap = 2*8 cm® 

••• = ^t = 2-02 X 10-6 

where Kj^ is the acoustic capacitance of the cavity. 
From Fig. 11 (curve B), the resonance frequency of 


Z-204x10 


Fig. 41. 

this cavity with the acoustical mass at the aperture 
is 2 480 cycles per sec. 

But if is the acoustical mass of the air at the 
aperture, 

0)0 = 2n X 2 480 = - 7 - -^ ■ 

.*. = 2*04 X 10~®gramme/cm^ 

As an estimate of the acoustic resistance of the 
air in the aperture of the earcap, suppose 

^ pca>2 o)^ 

As the frequency of fundamental resonance of the 
diaphragm (see Fig. 11 , curve B) is 810 cycles per sec. 

= 0 * 1 gramme/cm^ (approx.) 

The equivalent electrical circuit for this condition is 
thus as shown in Fig. 41. 

* H. Lamb: “ Dynamical Theory of Sound.*’ 
t W. West: “ Acoustical Engineering.” 
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At / — 810 cycles per sec. the impedance of this net¬ 
work is practically 

-1-^ 11 • 39=^^ (the acoustic impedance on the diaphragm) 



1 

1 KJ ^ ISJ ^^**1 

r 1 


>^-127 


Fig. 42. 

The mechanical impedance due to this is Z 
= (5*93)^^11*39 =/396, i.e. an added mass of 0*078 
gramme. 

Now, when the receiver is held to the artificial ear, the 
acoustic impedance on the diaphragm can be repre¬ 
sented as shown in Fig. 42, since, for the artificial ear 
Q = 3 cm3, jg _ j27. 

The impedance of this network is, at / = 1 060 cycles 
per sec., the resonant frequency under this condition 
(Fig. 11, curve A), 

Z^=9*35-p3*2 

and = (5*93)3{9-35 —/33*2} = 327 -/1 162 


:327 -/ 


.7*75 X lO-e 


CO 


Thus, the artificial ear adds at this frequency a 
mechanical resistance r'= 327 dynes/cm/sec. and a 
stiffness S = 7*76 x 10® d 3 mes/cm to the diaphragm 
and removes a mass of m' = 0 • 078 gramme. 

But from curve B (Fig. 11), for the fundamental 
resonance, 

/q == 810 and A = 188, and from curve A 
/q — 1 060 and A = 502, 

Hence, if the equivalent mechanical constants of the 
receiver diaphragm are: 

Resistance s= r d 5 mes/cm/sec.. 

Stiffness == S dynes/cm (including the stiffness due to 
the cavity behind the diaphragm), and 
Mass = m grammes 


then 


2(m-f- 0-078) 18S, i.e.r — 37629*3 


and 

Whence 

and 

Again, 

and 


T + 327 


= 502 


VG 
VG 


2m 

r + 327 = 1 004m 

m = 0 • 567 gramme 

r = 263 dynes/cm/sec. 

S “1 

• J = 27r X 810 


and 


m -f 0* 078^ 

+ 7*75 X ion 

m J 

B — 15-5 X 10® dynes/cm 
m = 0*52 gramme 


= 277 X 1 060 


APPENDIX II. 

The Equivalent Circuit of the S.E.T.A.C. 


Component 
(see Fig. 43) 

Equivalent 

Impedance at.« = Stt/ = 5 000 

BC 


-25-y439=440\93 • 25° 

CA 

P+M+B +2jiiF 

214+y861=88S/76° 

CD=NO 

8+M 

70+^'973=975/85-9° 

DE=MN 

— 

, 300/22 

EF=LM 

P-M 

39-5-^23 

FA=LA 

-fM 

40+^’I 760=1 761/88-7° 

FG=KL 


39-6+i63=74-3/58° 

GH=HK 

— 

563-2/02 

HA 

— 

37-99/22 

OP 

r—ilf . 

26-y439=440\86-76° 


At = 27;/ = 5 000:— • 

Impedance measured across junction side of re- 
peatingcoil = 660/37*2®. 

Impedance measured across transmitter terminals 
= 216 /22*3® . 

Impedance measured across receiver terminals 
= 322/36*3®. 

Insertion loss due to 30 decibels of non-reactive 
artificial line = 29*6 decibels. 
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APPENDIX III. 


Hand Micro-Telephone Microphone. 


Frequency range 

Normal 
air-to-air 
attenuation 
of circuit 

Attenuation 
due to 
microphone 

, Total 
attenuation 
of circuit 

Mean speech 
level above 
threshold 

Level of 
received 
speech above 
threshold 


Ab 

pAb 

cycles/sec. 

500-600 

decibels 

30 

decibels 

18 

decibels 

48 

decibels 

80 

decibels 

32 

0*99 

0*06 

0-0594 

600-700 

30 

16 

46 

82 

36 

1*0 

0*055 

0-056 

700-800 

30 

15 

45 

85 

40 

1*0 

0*045 

0-046 

800-900 

30 

14 

44 

86 

42 

1*0 

0*04 

0*04 

900-1 000 

30 

13 

43 

87 

44 

1*0 

0*036 

0*036 

1 000-1 100 

30 

11 

41 

88 

47 

1*0 

0*032 

0*032 

1 100-1 200 

30 

9 

39 

88 

49 

1*0 

0*029 

0*029 

1200-1 300 

30 

6 

36 

88 

52 

1*0 

0*027 

0*027 

1 300-1 400 

30 

2 

32 

87*5 

55*5 

1*0 

0-026 

0*025 

1 400-1 600 

30 

— 

30 

87 

57 

1*0 

0*022 

0*022 

1 500-1 600 

30 

2 

32 

86 

54 

1*0 

0*021 

0*021 

1 600-1 700 

30 

4-5 

34-6 

85 

50*5 

1*0 

0*019 

0*019 

1 700-1 800 

30 

5-5 

35*5 

84 

48*5 

1*0 

0*018 

0*018 

1 800-1 900 

30 

6‘5 

36*5 

82 

45*5 

1*0 

0*017 

0*017 

1 900-2 000 

30 

7-0 

37 

! 80 

1 43 

1*0 

0*016 

0*016 

2 000-2 100 

30 

6-0 

36 

78 

42 

1*0 

0*015 

0*015 

2 100-2 200 

30 

4*5 

34*5 

76 

41*4 

1*0 

0*014 

0*014 

2 200-2 300 

30 

4*0 

34 

75 

41*0 

1*0 

0*013 

0*013 

2 300-2 400 

30 

4*5 

34*5 

74 

39*5 

1*0 

0*012 

0*012 

2 400-2 600 

30 

6 

36 

73 

37 

1*0 

0*012 

0*012 

2 600r2 600 

30 

8 

38 

71 

33 

1*0 

0*011 

0*011 

2 600-2 700 

30 

10 

40 

70 

30 

0*98 

0*01 

0*0098 

2 700-2 800 

30 

11 

41 

69 

28 

0*97 

0*09 

0*0087 

2 800-2 900 

30 

12*5 

42*5 

67 

24*5 

0*96 

0*08 

0*0077 

2 900-3 000 

30 

13*5 

43*6 

66 

22*5 

0*95 

0*07 

0*0067 

3 000-3 100 

30 

14*5 

44*5 

65*5 

21*0 

0*94 

0*06 

0*0056 

3 100-3 200 

30 

15*5 

45*5 

65 

19*5 

0*92 

0*05 

0*0046 

3 200-3 300 

30 

17 

47 

64 

17 

0*9 

0*04 

0*0036 

3 300-3 400 

30 

18*5 

48*5 

63 

14*5 

0*85 

0*04 

0*0034 


= 0-5885 

Ideal sound articulation — 90 per cent. 


C.B. No. 1. Microphone. 


1 000-1 100 

30 

38*2 

68*2 

88 

19*8 

0*93 

mu 

0*0297 

1100-1 200 

30 

32*6 

62*6 

88 

25*4 

0-97 


0*0281 

1200-1300 

30 

18*5 

48*5 

88 

39-6 

1*0 


0*027 

1300-1 400 

30 

16 

46 

87*5 

41*5 

1*0 


0*025 

1400-1600 

30 

1*5 

31-6 

87 

55*5 

1*0 


0*022 

1 600-1 600 

30 

2*5 

32*5 

86 

63-6 

1*0 


0*021 

1 600-1 700 

30 

5*6 

35-5 

85 

49-6 

1*0 

0*019 

0-019 

1 700-1 800 

30 

7*5 

37*5 

84 

46*5 

1*0 


0*018 

1 800-1 900 

30 

10 

40 

82 

42 

1*0 

0*017 

0*017 

1 900-2 000 

30 

16 

46 

80 

34 

1*0 

0*016 

0*016 

2 000-2 100 

30 

-.10^ 

■ 40.'... 

78 

I 38 

1-0 


1 0*015 

2100-2 200 

30 

9 

39 

1" 76-;■ 

37 

1 1*0 

0*014 

0*014 

2 200-2 300 

30 

14 

44 

75 

31 

0*98 

0*013 

0*0127 

2 300-2 400 

30 

19 

49 

74 

25 

0*96 


0*0115 

2 400-2 600 

30 

38*2 

68*2 

73 

4*8 

0*68 

0*012 

0*0082 

2 600-2 600 

30 

32*6 

62*6 

71 

8*4 

0*77 

0*011 

0*0085 

2 600-2 700 

30 

38*2 

68*2 

70 

1*8 

0*6 

0*01 

0*006 


^ 0-2987 

Ideal sound articulation = 63 per cent. 
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Discussion at a Joint Meeting of the Meter and Instrument Section and the Wireless 

Section, 8th April,, 1932. 


. Col. A. S. Angwin: I am particularly interested in 
the volume indicator, which first came to be used in 
telephony through the application of radio telephony to 
the international telephone network. It enables the 
technical operator to ensure that the outgoing speech 
from the central terminal station fully loads the radio 
transmitter. The instrument used in Great Britain for 
this purpose has not been standardized by the C.C.I., 
although it is used in the European standard equipment 
at Paris. The C.C.I. have, however, specified that it 
must register the integrated volume of the input ter¬ 
minal speech in a minimum time of 220 milliseconds. It 
is equally important to specify the time of restoration, 
which depends upon the characteristics of the electrical 
circuit and the mechanical features of the recording 
instrument. The development of this instrument, 
which will ultimately take the form of an international 
standard, demands active co-operation between the 
instrument maker and the user. 

Captain B. S. Cohen: In 1907 the late Mr. G. M. B. 
Shepherd and I read a paper* before the Institution on 
the subject of telephone transmission measurements, 
and it is instructive to compare the measuring apparatus 
of that period with what we have available to-day. As 
sources of alternating current we had such things as 
microphone hummers, small alternators, and vibrating 
wires, and to produce a frequency of more than 1 200 
cycles per sec. was quite an achievement. Wave-form 
was studied with an early Duddell oscillograph (our 
instrument was, I believe, the second oscillograph made), 
and other measurements were made by means of thermo¬ 
galvanometers and barretters. Acoustic measurements 
were practically impossible, and it is true to say that the 
thermionic valve has enabled us to make quantitative 
electro-acoustic measurements. Very little literature 
dealing with acoustics existed; on the one hand there 
was Lord Rayleigh^s treatise, which was rather above 
the heads of the communication engineers of the day, 
and on the other hand there were the elementary text¬ 
books on sound, light, and heat, drawn up for the use of 
examination candidates and generally valueless for any 
other purpose. All that has now been changed; the 
development of the principles of electro-acoustics enables 
ns to make calculations based on the same type of 
formulae as those we are accustomed to use in electrical 
work. Electrical engineers have been primarily respon¬ 
sible for the developments in electro-acoustics, and I 
therefore consider that the tendency to employ acoustical 
analogues of electrical units is to be encouraged. For 
example, we should measure acoustic capacitances and 
acoustic resistances in acoustic microfarads and acoustic 
ohms. The line-transmission side of the telephone 
system has been brought to such a pitch of perfection 
that nowadays even in the longest telephone communi¬ 
cations a full 50 per cent of the volume losses and 75 per 
cent of the articulation losses occur, in the telephone 




instruments. In order to improve these instruments it 
is therefore important to take advantage of all possible 
developments in electro-acoustical methods. It is 
stated in the paper (page 606) that the thermophone 
method is recommended by the C.C.I.; it would, I 
think, be more correct to say that it had been adopted 
by that body. The C.C.I. did not recommend it, but 
they agreed that any method of calibration might be 
used provided it gave satisfactory results. The British 
Post Office uses W. West's adaptation of the Rayleigh- 
disc method, and the German Post Office uses the com¬ 
pensation method. Both give very similar results to 
those given by the thermophone method. I should like 
to refer to an important point in connection with the 
frequency characteristics of loud-speakers and telephone 
apparatus, on which there is some misconception. The 
frequency-response characteristic of a loud-speaker can 
be measured under a number of different conditions, as, 
for example, (a) in free space or in a sound-absorbing 
chamber designed to be the equivalent of free space, 
(5) in a room which reverberates but in which a warble 
frequency oscillating a few cycles to each side of the 
particular frequency at which we are making the measure¬ 
ment, is applied to the instrument; and (c) in a rever¬ 
berant room, the apparatus being moved tabout during 
the test. The three methods do not necessarily all give 
the same results. Practical tests show that one cannot 
make accurate measurements of the characteristics of 
acoustic instruments except under the conditions exist¬ 
ing in a completely sound-absorbing room, or—^what is 
equivalent to that—in free space. With reference to 
the author’s statement regarding side-tone (page 623), it 
should be pointed out that the effect on the efficiency of 
conversation when no side-tone exists, due to the raising 
of the voice of the speaker, is a secondary matter com¬ 
pared with the improvement which occurs at the re¬ 
ceiving end when the side-tone is considerably reduced. 
The improvement is particularly noticeable with a 
roorn-noise level of the order of 55 decibels, which is 
about the figure that obtains in a rather noisy city 
office where typewriters are being used and traffic is 
passing in the street outside. Telephonic conversation 
in certain cases under such circumstances is very diffi¬ 
cult without a side-tone reduction device, 

Mr. P. G. A. H, Voigt: I should like to describe a 
convenient device for measuring the amount of modula¬ 
tion with which we have to deal. The circuit, shown in 
A* is a development of one* devised some years ago 
for giving an automatic grid-bias voltage proportional 
to the peak voltage of the incoming signal. . It makes 
use of the principle employed in high-frequency rectifi¬ 
cation. When a sipal arrives which tends to make the 
grid-potential positive, the resultant grid current charges 
the condenser ^negatively. If the leak is removed or dis¬ 
connected, the voltage of the negative charge on the con¬ 
denser becomes equal to the peak voltage of the incoming 
signal, and when the signal stops, the charge gradually 
' * Patent No, 222981. 
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leaks back at a rate depending upon the capacitance of 
the condenser and the resistance of the various leakage 
paths. The calibration of an arrangement of this sort 
is very easy, as it can be done by means of direct current 
(e.g. from a grid battery) with an accuracy sufficient for 
most purposes. When no signal is being received, the 
maximum current will pass through the meter, and this 
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L.S.6 valve, 26 000-ohm resistance, 600 volts H.T. 

resistance, 100 volts H.T. 

« P.M.1 H,F. valve, no resistance, 100 volts H.T. 

X marks the “half no-signal-current’’position below which bottom-bend 
rectification occurs with sustained tones. 

sustained tones when the mean anode current has been 
depressedtoless thanhalf the “nosignal'' current. Below 
this point the d.c. calibration becomes invalid for such 
tones.) Fig. B shows the calibration curved of three 
such “ modulation indicators " for different valves and 
working conditions. I shall next refer to a microphone 
I have developed, which has very nearly a straight-line 
characteristic. Although some of the condenser micro¬ 
phones which have been calibrated by thermophone 
methods seem to have straight-line characteristics, 


measurements in free air show that owing to the obstacle 
effect and the cavity effect the characteristics have very 
much more “ top '' than is generally supposed. The 
microphone I have devised is so small that it presents 

+201-r—1-1-r-1—,--- 



Fig. A; 

Note.—T he milliammeter M may be mounted upside down so that zero peak 
volts (max. current) is on the left. 

can be adjusted to a convenient amount by varying the 
anode resistance and/or h.t. voltage. When a signal 
arrives, the condenser is charged negatively, and the mean 
anode-current diminishes. The amount of the decrease 
is almost exactly proportional to the peak signal voltage, 
providing that bottom-bend rectification is not occur¬ 
ring. (Bottom-bend rectification occurs during very loud 



500 2000 8000 

Frequency 

Fig. C. 

practically no obstacle to the sound waves, and, more¬ 
over, as it is slightly oval it has no cavities. The 
characteristic is not quite straight because the elastic 
forces controlling the diaphragm are provided by an air 



Fig. D. 

cushion, which expands and contracts isothermally at 
low frequencies and adiabatically at high frequencies, 
causing a slight change (3 decibels) in response. Fig. C 
shows the free-air response of this microphone plotted on 



Cycles per sec. 

Fig. E. 

a decibel and also on a percentage basis. Fig. D shows 
a simple correction circuit to compensate for this error. 
I shall now demonstrate a method of recording on auto¬ 
matic apparatus the characteristic curve of a loud¬ 
speaker under working conditions. The tone source 
consists of a constant-amplitude heterodyne frequency 
record which starts at 8 000 and goes down the scale to 
16 cycles per sec., the note being switched off momen- 
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tarily each octave. The pick-up, which is of a special 
type, has a uniform response on this record from 4 000 
down to 50 cycles per sec. A microphone of the t 57 pe I 
have described picks up the sounds from the loud¬ 
speaker, and the currents are amplified and fed to a 
modulation indicator such as that shown in Fig. A. The 
current is about 14 milliamperes when there is no signal. 
As the signal comes in, the current drops in proportion 
to its peak value, and is recorded by an Everett-Edg- 
cumbe graphic ammeter (0-30 mA) on a piece of paper. 
A loud-speaker can thus be calibrated in If minutes, a 
permanent record of the characteristic (see Fig. E) being 
obtained. 

Dr. L. E. C. Hughes: The paper would be improved 
by the consistent adoption of logarithmic frequency and 
power-level scales, with the decibel unit for the latter. 
The question of amplitude distortion, which is serious in 
some types of carbon transmitters, is not considered in 
the paper. Has the author any evidence to show how 
far amplitude distortion, with the consequent introduc¬ 
tion of alien frequencies, affects the articulation as 
calculated by Collard*s method ? Curves similar to 
those given in Fig. 13 for loud-speakers can, of course, 
be obtained for transmitters and microphones used for 
high-quality circuits. The directive properties of micro¬ 
phones and loud-speakers are, I think, better exhibited 
by polar response-curves for particular frequencies than 
by curves of frequency response in various directions. 
Such polar curves show the contribution of the micro¬ 
phone or loud-speaker to what I propose to call ** rever¬ 
beration distortion.*^ As I speak, listeners in various 
locations receive different ratios of the direct sound 
intensity radiated, which depends on the polar distribution 
of my voice and falls off with the square of the distance, 
and the reverberant sound intensity, which depends only 
on the total sound-power radiated and the acoustic 
properties of the surroundings and is approximately 
constant throughout the auditorium. (Prominent reflec¬ 
tions are omitted for the sake of simplicity.) The 
impression of the received sound depends on this ratio; 
moreover, the ears are directional for the directly- 
radiated sound and not for the reverberant sound. The 
response of a microphone for a directly-radiated sound 
is the polar response in the direction of arrival of that 
sound; its response for the reverberant sound, in so far 
as the latter may be idealized into a multitude of waves 
arriving from all directions with heterogeneous phases, is 
the mean-spherical response.. We can distinguish two 
components in a sound, the directly-radiated com¬ 
ponent of wave-form determined by the source, and the 
reverberant component, which consists of all the partials 
inixed up, modified by the absorptions of the surround - 
mgs, and intermingled to some extent with all the sounds 
in a slightly antecedent interval of time. The rever¬ 
berant component carries with it tone-colour and 
atmosphere, biit, if excessive, it blurs the definition of 
the directl^^^ wave. If the response of a 

nflcrophohe in a particular direction is greater than its 
TEiean-spherical response, the ratio of the direct to the 
everberant intensity in the, electrical ou1;put of the 
Qicrophone is increased above that at the location of 
he mcrophone; if less, diminished. Likewise, on repro- 
luctioh, the polar response of the loud-speaker determines 


the directly-radiated intensity, and the mean-spherical 
response the reverberant intensity. The ratio between 
these intensities is altered by any difference between 
these responses. The polar response-curves of micro¬ 
phones and loud-speakers are therefore drawn to show 
the concentration, i.e. the ratio of polar response to 
mean-spherical response, in decibels, which is the 
measure of alteration of direct to reverberant intensity 
in the converted sound. Fig. F shows such curves 
for microphones. The axis is towards the left and 
only half of the curve is shown, in view of symmetry. 
The three lower curves apply to the normal condenser- 
transmitter, which exhibits considerable variation with 
azimuth and frequency, but the concentration is sub¬ 
stantially zero below 1000 hertz.* The 1 000- and 
5 000-hertz curves apply to a condenser microphone 
with a parabolic mirror, which is used searchlight 
fashion for broadcasting operas. The greatly increased 
axial concentration, giving definition to the contributions 
of individual artistes, necessitated the mixing-in of 
reverberant sound from another microphone.! The 



Fig. F. 


600-hertz curve applies to the Olson ribbon-microphone, 
which was specially developed for use in sound-film 
work. The response concentration curve is practically 
the same at all frequencies, and thus the quality of the 
direct sound picked up does not change with azimuth; 
the ratio of the direct to the reverberant intensity is 
changed over a wide range by rotating the microphone.J 
J. P. Maxfield§ has derived empirically a technique for 
placing the microphone in relation to the artiste, the 
acoustic properties of the set, the camera, and the focal 
length of camera lens, so as to obtain a consistent 
illusion of single-channel sound-perspective. This tech¬ 
nique depends essentially on reverberation distortion. If 
telephone transmitters could be provided with greater 
directivity, it would result in a greater discrimination 
against room noise, which consists mainly of reverberant 
.sound. 

Mr. W, West: it would appear from the sound-field 
charts shown in Fig. 5 that errors up to about 40 per 
cent are liable to occur in the; measurement of Ipud- 


1 I®® ^ J* : Bdl System Technical Journal, ■, 1931, vol. IQ p 107 
vol 3 90 ' Journal of the Acoustical Society of A-^^ica^ ' 

i See H. F. Olson: 1931, voL 3, p. 07. 

§ Ihid,, 1931, vol. 3, p. 69. 


1931, 
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Speaker characteristics in this type of acoustic chamber. 
While I do not mistrust the experimental accuracy of 
the tests on which the charts are based, I am in doubt 
as to their interpretation. The tests were made with 
a fixed microphone, near one end of the chamber, and a 
movable source of sound, consisting of the open end of a 
length of conduit tubing. The tubing penetrated through 
a small aperture at the other end of the chamber, and 
the position of the open end was adjusted from outside. 
Any reflected sound would therefore not only arrive at 
the microphone with a different phase from the direct 
sound, but it would also react on the source of sound to 
alter the rate of emission of energy. Careful study of 
loud-speaker characteristics taken in this chamber has 
yielded no evidence of errors as large as 40 per cent, 
attributable to reflections. On the other hand, experi¬ 
ments with a loud-speaker at distances up to 5 ft. from 
the microphone have been made with a tone of 500 
cycles per sec., both steady and warbling, through a 
range of about J octave. The results obtained were 
identical within experimental errors of the order of 1 per 
cent. Turning to the subject of microphone calibration, 
a reference to the recent paper by Stuart Ballantine 
would, I suggest, form a useful addition to the Biblio¬ 
graphy.* 

Dr. G. W. Sutton: We are rapidly approaching a 
turning point in the matter of the relative importance of 
voice-ear and mechanical methods of testing telephone 
instruments. Until quite recent times the. former was 
relied upon almost exclusively—-even for such measure¬ 
ments as that of the efficiency of tmnsformers. Now, 
however, the use of voice-ear methods tends to be 
restricted to a certain class of standardization work, and 
its technique is being more stringently regulated in the 
light of our increasing Imowledge of the complex nature 
of the sense of hearing. Mechanical devices are taking 
the place of the voice, and amplifier-voltmeters that of 
the ear, in much of the routine testing and research work 
which was formerly dependent upon voice-ear methods. 
It has hitherto been implicitly assumed that results 
obtained by the new methods should be in exact numeri¬ 
cal agreement with those obtained by the old, and that 
failure to achieve such: agreement is a measure of the 
weakness of the new methods. I believe that this out¬ 
look on the problem will only be associated with the 
transition stage, and that we shall emerge from it as 
further experience is accumulated; The remark on 
page 614 that “ the only measurements which, at 
present, give definite quantitative results are obtained 
from voice-ear tests ** is a mis-statement of the present 
position, particularly if the time taken by the tests and 
the number of operators required are regarded as im¬ 
portant factors. The principal drawback to voice-ear 
methods is the extreme indefiniteness of individual test 
results, owing to the large part played by the subjective 
factor. I suggest that a frequencyrcharacteristic test, 
combined with a mechanical^efficiency test, Will provide 
more quantitative information as to the performance of, 
say, a carbon microphone than anything but an extensive 
and elaborate set of voice^ar volume and articulation 
tests. With regard to Fig. 6, are the ordinates in terms 
of volts across the loud-speaker, or on the grid of the 

* This has since been included. 


output valve ? Is the curve in terms of the " free-air 
or the " diaphragm-pressure calibration of the con¬ 
denser microphone ? This has an important bearing on 
the results shown in Fig. 7, with which our own experi¬ 
mental observations are somewhat in conflict. We are 
in closer agreement with the results obtained by the 
Post Office Research Station.* In this connection the 
ingenious method of obtaining a sound field of uniform 
intensity over a wide frequency range which is described 
by Griitzmacher and Justj is worthy of note. We have 
used a somewhat simpler development of their method. 
It would be interesting to know why in Fig. 11 the 
author gives the output of a Bell receiver in terms of 
voltage. Surely this is a current-operated device. The 
method of side-tone measurement illustrated in Fig. 67 
appears to me to be unnecessarily complicated. In 
some side-tone measurements recently carried out for us 
in the S.F.E.R.T. laboratory, a method which we sug¬ 
gested was employed very successfully. In principle it 
consists of reducing by a known amount (10, 20, or 30 
decibels) the side-tone level of an instrument connected 
to some representative line, and then determining the 

side-tone-reference-equivalent ** by direct comparison 
with the high-quality circuit. The reduction of level 
is obtained by inserting a small (10-ohm) continuously- 
vanable non-inductive resistance in series with the local 
receiver. Across this resistance a potential-dividing 
resistance of 1 000 ohms is connected, and this is pro¬ 
vided with tapping points at full volume, 10 decibels 
less than full volume, 20 decibels less, and so on. The 
potential so obtained is applied to the grid of .a 2-stage 
amplifier, in the output circuit of which a second receiver 
is connected. The 10-ohm variable resistance is so 
adjusted that the levels in the first and second receivers 
are equal when the voltage tapping is set at full volume. 
This may be done either by voice-ear balance or by 
mechanical means, using an artificial ear. The level in 
the second receiver may then be reduced by known 
amounts by altering the tapping point. With regard to 
the neon-lamp oscillator for producing the rhythmic 
howl used in mechanical testing (page 625), I have heard 
this apparatus in operation and am much impressed 
with its sirdplicity. Such oscillators are usually of 
rather an uncertain wave-form and frequency, however, 
and there may be the risk of attaining simplicity at the 
expense of exact reproducibility and reliability. These 
two, together with speed, are the chief advantages of 
mechanical testers. I am greatly interested to see that 
the existing voltage test for carbon-microphone fry is 
likely to give place to a noise-measuring scheme. We 
have always found the voltage test somewhat unsatis¬ 
factory for routine work, and it would seem that some 
method similar to that employed for measuring back¬ 
ground noise ” in high-quality carbon microphones 
would be preferable. I note on page 624 the strange 
term '* pads'* of artificial line. Does this term really 
meet a long-felt want ? 

Mr. L, G. Pocock: Curve 1 of Fig. 3 is rather mis¬ 
leading if it is taken to apply to practical conditions. 
Both Curve 1 and the thermophone characteristic 
(broken curve) are taken under simplified conditions, 

* Post Office Electrical Engineers* Journal, 1929, vol. 22, p. 193. 

t BUUrische NachricMen-Tecknik, 1931, vol. 8, p. 104. 
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because reverberation and directional effects are elimi¬ 
nated. I have in the last few days compared a con¬ 
denser microphone under typical conditions in a 
moderately-damped room with a new t37pe of moving- 
coil microphone’** which has a substantially flat charac¬ 
teristic from, low frequencies up to about 10 000 cycles 
per sec. The condenser-microphone characteristic ob¬ 
tained in this comparison does not rise to such a high 
peak as is shown by the free-air or plane-wave method 
of measurement. As regards Fig. 16, does not the 
greater sensitivity of the hand-set microphone as com¬ 
pared with the solid-back transmitter annul a great deal 
of the advantage of the anti-side-tone circuit, owing to 
the large interference effect of the room noise? We 
really require two microphone characteristics, one at 
speech level and the other at a necessarily lower noise- 
level. The curve of Fig. 16 is apparently advanced by the 
the author as a good feature, but if the sensitivity to noise 
is equally ^eat the general increase in sensitivity is not 
without disadvantages. It is universally realized that 
sound volume alone is not enough, that good articulation 
is of great importance, and that to this must be added an 
appreciation of the value of reducing side-tone. I have 
compared three modem telephone sets—^A, B, and C— 
of substantially equal loudness and efficiency. A has 
less side-tone than B, and the ratio of their intelligi¬ 
bilities (A : B) turns out to be 4:3; A has the same 
amount of side-tone repression as C, but superior articu¬ 
lation; the ratio of their intelligibilities (A : (7) is 4 : 2*5. 
These measurements were made over a line equivalent to 
the limiting line permitted iyy the C.C.I., with the addi¬ 
tion of room noise and line noise. It is therefore evident 
that both side-tone and articulation have a considerable 
effect upon intelligibility. As indicated in the paper, 
side-tone reacts upon the speaker and affects the initial- 
speech loudness; the same is true of received speech. A 
subscriber tends to speak loudly if he hears a faint voice 
from the far end and to speak quietly if he hears a loud 
voice. If a man on a short local line is talking to a rng - n 
on a long local line, the man on the long line gets very 
httle microphone current and consequently his sound 
intensity as received is rather low. The man on the 
short local line receives a large current, on the other 
hand, and his speech comes through loudly. Thus the 
man on the long local line hears a loud voice and speaks 
quietly, and the man on the short local line hears a faint 
voice and shouts. The natural effect of unequalized 
local lines is therefore an undesirable one, reacting upon 
the subscribers to cause an intensification of the dif¬ 
ference in transniission in the two directions, and it 
seems likely that it will be found advantageous to 
equalize approximately the local-line transmitting losses. 

Dr. G. F. Dutton: The design, testing, and specifi¬ 
cation of transmitters and receivers has lagged behind 
that of other apparatus. The operating conditions of 
circuit apparatus and cables have received considerable 
attention, and their specification and testing are carried 
out to a high degree of accuracy. The terminal appa- 
ratos—^the transmitter and the receiver—was until quite 
ecently not treated in a scientific manner. Even now, 
men reliable methods of obtaining the frequency- 
esponse characteristics are available, the latter do not 

See BeU System TecJinical Journal, 1931, vol. 10, p. 665. 


enter into the commercial specification of instruments. 
Sufficient data are now available from the combined 
work of British and American telephone engineers to 
determine the optimum frequency transmission band, 
which is controlled by several factors. First there is 
the articulation efficiency, which requires a frequency 
range of 500 to 4 000 cycles per sec., for 95 per cent 
articulation efficiency. The high-frequency range is 
limited by the transmission-line characteristics, but in 
any case there is very little gain in going above 4 000 
cycles per sec. The lower frequency cut-off is desirable 
in order to protect the transmitter from amplitude over¬ 
load, which reduces the articulation efficiency by modu¬ 
lating the upper frequencies and introducing spurious 
noise-frequency components. The lower frequency 
cut-off must, of course, take place in the mechanical 
acoustical system of the transmitter. The transmitter 
auto-transformer circuit acts as a low cut-off filter, the 



cut-off being in the region of 200 cycles per sec. Fig. G 
gives the electrical circuit of the mechanical system of 
the Neophone transmitter. It will be seen that the 
system is a mechanical band-pass filter, and by the 
suitable choice of diaphragm mass and air-chamber 
stiffness the upper and lower cut-off frequencies can be 
made at about 500 and 4 000 cycles per sec. In order 
that the upper cut-off may be sufficiently high, the mass 
M of the diaphragm must be small and the air-chamber 
compliance must be great. A known variation of 
efficiency within the frequency range of a transmitter 
will give a known variation in articulation. From this 
property a frequency-response envelope can be specified, 
and all transmitters must fall within this envelope. The 
application of this idea would obviate the laborious 
articulation and volume-counting tests. From a manu¬ 
facturing point of view, this method of testing would 
allow the production staff to keep a check on the quality, 
and any variation in the response characteristics could 
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be traced to errors in assembly or the constants of 
materials. In Figs. 7 and 11 the transmitter-response 
peak and the receiver fundamental resonance just fail to 
coincide; if the peaks are allowed to coincide a con¬ 
siderable reduction in articulation results. It would be 
a great advantage if the receiver resonance could be 
reduced in sharpness, as the characteristics of the trans¬ 
mitter and receiver could then merge with greater safety. 
In order to flatten the receiver characteristic without 
increasing vibrational resistance, it would be necessary 
to reduce the mass of the diaphragm. This can only be 
done if the diaphragm is stretched, since with its present 
thickness of about 0*01 in. it acts as a plate and requires 
only clamping to maintain rigidity. If the thickness of 
the diaphragm is reduced to one-half or less, the air-gap 
must either be increased, with consequent loss of effi¬ 
ciency, or the diaphragm must be given a radial stretch. 
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N?of test 
Fig, H. 

This stretching would result in a more uniform product, 
since the air-gap would be uniform and not influenced 
by the slight buckling which often occurs in a thick 
diaphragm. An improvement in the transmitter can 
only be obtained by considering the overall character¬ 
istics of the system. I should like to know whether the 
author has found any difference between the articulation 
efficiencies obtained when using male and female lis¬ 
teners. Whereas a man usually holds the receiver 
close to the ear, women rarely place the receiver so as 
to cover the ear completely; either the hat or the hair 
prevents a close contact. Under these conditions the 
receiver cap forms an open shell which will resonate and 
pick up room noise, thus interfering with the received 
signals. Regarding the measurement of transmitter 
'' frying,"' the cMef difficulty lies in the erratic character 
of this effect. Some types of granules /'fry" with a 
continuous " mush " sound, whereas other types splutter 
and crackle between intervals of comparative quiet. 
Carbon mush, or " background noise " as it is generally 
called, is always present even when the current density is 
VoL. 71. 


very low; the current density at which the mush breaks 
into a definite " fry " is critical, and I regard it as the 
best determining factor. 

Dr. J. Collard: In his remarks on articulation testing 
(page 621) the author mentions that the effect of the 
training of the crew is very large, and although he 
describes two methods for overcoming it he gives no 
practical results to illustrate the application of these 
methods. Fig. H gives the results of some of my own 
articulation tests. A series of 11 tests were carried out 
by the same crew on the same circuit at different times, 
and the tests occupied a period of about 2 weeks. The 
articulation values actually obtained are shown in the 
top half of the diagram. At the beginning of the series 
the crew were unfamiliar with the technique, and were 
getting the low value of 65 per cent. As time went on 
they became more familiar with the technique, and the 
value gradually rose, until, towards the end of the 
period, values of about 87 per cent were recorded. This 
very big variation shows that to take actual articulation 
results without any form of correction is very dangerous. 
While these tests were being made the crew was cali¬ 
brated from time to time on a standard circuit very 
similar to that described by the author, and from the 
results the crew factor was deduced in accordance with 
my method (mentioned on page 622). This factor 
enables the effect of training to be removed from ths 
given set of observations. The results of the 11 tests 
having been corrected in this way, the series of values 
given in the lower half of Fig. H were obtained. It will 
be seen that these corrected points group themselves 
very well about the average value shown by the dotted 
line, and show no signs of the training effect which is so 
prominent in the original values. This diagram there¬ 
fore illustrates two important points; first, that it is 
extremely necessary to apply some form of correction to 
articulation results in order to remove the training effect, 
and secondly, that the method used here does really 
succeed in eliminating this effect. 

Mr. D. A. Oliver: I think that the author's typical 
results, especially the frequency-response curves, might 
with advantage have been supplemented by rather more 
qualification. For instance, whereas a condenser- 
microphone response-curve is usually very stable, the 
corresponding curve for a carbon transmitter (e.g. Fig. 
7) is often difficult to reproduce. Sometimes the second 
peak in the curve will appear during repeated measure¬ 
ments, and sometimes it will not; tins may have some 
influence on articulation in coimection with speech- 
transmission tests. The first peak, being due to 
mechanical resonance, is very stable for many types of 
carbon transmitters. The author's way of quoting 
results in volts per d 3 me per cm^ is possibly a little 
misleading, because, on account of the severe non¬ 
linearity of the carbon transmitter, for high pressures 
that value falls and for very low pressures it becomes 
quite large. I suggest that, for a routine commercial test 
at any rate, it is desirable to quote the output for a 
stated constant sound-testing pressure, so as to eliminate 
or reduce the severe effect of non-linearity. I should 
also like to emphasize the desirability of plotting loud¬ 
speaker response curves in decibels. As regards the 
method (page 626) of testing carbon microphones by 

■ ■ 42 
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holding them in front of the guard of the loud-speaker, I 
believe that the two standard pressures adopted are 30 
and 20 d 3 mes per cm^ for the two guard positions. It is 
not uncommon to find in some commercial moving-coil 
loud-speakers, over a frequency band of 400 to 1 800 
cycles per sec., extreme response variations of well 
over 6 decibels; and as the difference in level between 
20 and 30 dynes per cm^ is only about 3*5 decibels, 
sortie more uniform source of sound pressure seems to be 
desirable. I have been experimenting successfully with 
a cylindrical chamber of 5 cm diameter, having a small 
moving-coil piston drive at one end when the mouth of 
the microphone is held over a hole in a plate closing the 
other end of the chamber. With this device it is possible 
to set up a fairly uniform pressure in the chamber—and 
hence on the transmitter diaphragm—over the desired 
frequency range. The limitation, of course, is that the 
size of the chamber must be small compared with the 
wavelength. 

Mr. F. D. Smith: My experience of absolute measure¬ 
ments of sound intensity has been limited for the most 
part to water as the medium of propagation. Although 
there is no difference in the fundamental principles 
determining the transmission, propagation, and recep¬ 
tion of sound in the two media, the enormous numerical 
disparity between their acoustic resistances necessitates 
a somewhat different technique. This difference appears 
in tile methods adopted to establish measurements on an 
absolute basis. The Rayleigh disc and the condenser 
miCTophone, which are so valuable in air, are practically 
in water; on the other hand, various devices 
wtach are of value in water are relatively useless in air, 
with the exception of the moving-coil instrument. In 
the latter should preferably be used as an inertia 
instrument,* i.e. with a small heavy rigid piston carrying 
tte movmg coil and so designed that the sti&ess and 
dampmg terms in the equation of motion are negligible 
wmpared with the inertia term. I should be interested 
to know whethCT the instrument in this particular form 
as been used m air. As regards sound measurements 
by mrans of a Rayleigh disc in a resonating tube, it has 
recentiy been foundf that a condition of eddies and 
turbulent motion is set up in such a tube when the 
sound intensity exceeds a certain value. Does this 
occm at the intensity normally used in connection with 
toe ^ylmgh disc ? While it is difficult to avoid excess 
Of det^ m a comprehensive summary of so wide a scope 

^ ^ of pattern 

“ r sufficient technical explanation, e.g. 

C.B. No. 1," should be avoided. 

{communicated): With reference to 

toe calibration of condenser microphones, the author 

difference between toe curves obtained in 
^s of toe^ pr^sme on diaphragm " and the “ pressure 

paxticularly emphasize the 
^CTent us^ to which toe two caHbrations may be put 
^e former is what is required when calibrating, say, toe 

calibration is required when 
te mcarophone is to be used for broadcasting and 
tolar purposes. In this case, however, toe curves 

0/S<^d Ittfensityi” JVoMaiijijs 


[ shown by the author are for sound arriving from a 
> direction normal to the diaphragm. In many other 
I cases, e.g. when reflected sound may also reach the 
^ microphone, sound may arrive from any direction, and 
it is necessary to consider the polar ** characteristics of 
the microphone. The author also points out that the 
calibration of the microphone when spoken into from very 
short distances probably falls between the two calibra¬ 
tions. Under these conditions the exact calibration is 
probably indeterminate on account of interaction be¬ 
tween the microphone and the source. I should like to 
call attention to the ease and simplicity of calibrations 
made by means of the Rayleigh disc. The discs are not 
difficult to make, handle, or calibrate, and the whole 
.apparatus is not expensive. The author omits to men¬ 
tion the electrostatic-force method of microphone cali¬ 
bration, using a grille in front of the diaphragm. I think 
it should be pointed out that the frequency character¬ 
istics of carbon microphones shown in the paper are for 
plane waves falling on the mouthpiece, and that they do 
not quite represent the condition of actual use. Some 
form of artificial mouth is required to obtain data 
corresponding to use conditions. In this connection 
I should like to say that the mechanical methods of 
testing commercial telephones described by the author 
are by no means final. An ** artificial ear ** incorporating 
a moving-coil unit is now under trial to replace the 
method described, for testing receivers. It is interesting 
to recall that in 1916 when the warble tone produced by 
a rotating interrupter, described on page 625, was first 
used, although quite good results on transmitter tests 
could be obtained, attempts to make an artificial ear for 
receiver testing completely failed. In those days we 
had no condenser microphones and only rough methods 
of obtaining the characteristics of transmitters and 
receivers, although valve amplifiers and rectifiers for 
! measuring telephone currents were in use. Many thou¬ 
sands of special microphones required for war pur¬ 
poses were tested by these mechanical means. On 
page 626 the author gives a figure for the maximum 
permissible voltage due to transmitter " fry actually 
It is specified that the power dissipated in the resistance 
replacing the receiver shall not exceed 0-00016 micro¬ 
watt. 

Mr, G. A. V, Soyvter {c<mmunicated): The curves 
shown in Fig. 13 emphasize how difficult it is to judge 
the performance of a loud-speaker from pressure measure- 
ments made on the axis, owing to the fact that the out¬ 
put falls away rapidly as the angle with the axis in¬ 
creases. Bridge ineasurements of effective resistance 
and inductance in air and in vacuo provide a useful guide 

to performance, since the sound output can be calcu¬ 
lated from them, and Dr, McLachlan and I have made a 
^rge number of experiments in this direction. Unfor¬ 
tunately we had no suitable vacuum chamber, and the 
readmgs therefore included diaphragm loss, but even 
curves of apparent radiation resistance are a better guide 
to probable performance than axial pressure curves, A 

general analysis of loud-speaker action can be made 

rOinoim results* in conjunction with a recent paper by 
I>r. McLachlan.f These show that the large peaks in 


* Philosophical J^agazine. 1931, vol. 12, p. 7n 
t Proceedmgs of the Physical Society ofuindon] 


1332 vol. 44 ,p. 408. 
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the middle of the frequency scale of Fig. 13 are due to 
the cone executing symmetrical modes, which, in a 
homogeneous system, are characterized by nodal circles. 
The lower resonances are due in part to air-column 
vibrations. I think the author might add to the Biblio¬ 
graphy references to acoustic measurements Dr. 
McLachlan and myself on the natiu*ai oscillations of 
various types of loud-speakers,* and to Dr. McLachIan's 
recent paper mentioned above. The general analy.sis 
made in the latter is of great utility to designers. 

Mr. H. R. Harbottle {in reply ): Col. Angwin 
draws attention to the C.C.I. Specification for an 
instrument by which speech volume is to be measured. 
This states that the instrument shall read witliin 
2 decibels of its final deflection 0*2 sec, after suddenly 
switching on a sinusoidal alternating current, and restore 
2 sec. after the current cejises. The American volume 
indicator only fulfils the first of these requirements. 
The speech meter of the British Post Office under the 
first condition has the characteristics specified, and its 
reading with speech is therefore much more definite. 
However, the volume indicator has received the recom¬ 
mendation of the C.C.L, inasmuch as it has been adopted 
by that body for use on the S.F.E.R.T. 

Comparison of the present paper with the one cited 
by Captain Cohen confirms his view that the rapid 
progress in acoustical engineering during the past 
15 years has been largely due to the thermionic valve. 
The determination of the performance of acoustic^il 
and mechanical systems by their analogy to electrical 
networks is p'eatly .simplified by the use of a similar 
system of units. The C.C.L did not particularly recom¬ 
mend the thermophone method of calibrating condenser 
microphones and high-quality moving-coil receivers, but 
this method has been adopted for use on the S.F.E.R.T. 
Although the various method.s of calibration give 
approximately the same result, it is considered that one 
method, and that the one which represents practical 
conditions as closely as possible, should be used as a 
standard of reference. The fact that the various methods 
of loud-speaker calibration do not necessarily give the 
same results emphasizes the necessity of having some 
such acoustic room as that described in the paper, for 
obtaining the performance of the loud-speaker per se. 
The relative importance of the two effects of side-tone 
on transmission efficiency depend.^ entirely on the loca¬ 
tion of the instrument, although the reduction in articu¬ 
lation due to local room noise is perhaps the more 
general. 

The calibration of the peak voltmeter described by 
Mr. Voigt would be rather uncertain unles.s some definite 
leak, low in comparison with the normal grid-filament 
leakage paths, were used^ The perforniance curve of 
the condenser microphone (Fig. C) has been substantially 
confirmed in the Research Section of the British Post 
Office, the sensitivity being approximately 0-3 millivolt 
per dyne per cm® when polarized by 300 volts. It 
would appear that the source of alternating current for 
operating the loud-speaker is far more uncertain than 
that of the simple heterodyne oscillator, in which there 
is no mechanical wear. 




In reply to Dr. Hughes, tlie particular type of scale 
to be adopted for plotting frequency characteristics 
depends on the manner in which these are to be used. 
The shape of the cliaractcristic obtained by any parti¬ 
cular method will depejtd to a large extent on the 
scale of units adopti;d. The effect of amplitude dis¬ 
tortion on the results obtained by Dr. Collard's method 
of measurement of ax-ticulation efficiency has not up to 
the present been investigated at any length, although 
its presence will modify the results to some extent. In 
confirmation of this, it was found that the articulation 
efficiency obtained by a British crew on the S.F.E.R.T., 
having the sending and receiving ends distorted to 
represent the frequency characteristics of a carbon 
microphone and commercial receiver respectively, was 
59 per cent, although the same craw obtained an articu¬ 
lation efficiency of 54 per cent when an actual micro¬ 
phone and receiver were .substituted. The polar curves 
given by Dr. Hughes in BTg. F make a u.seful supplement 
to the information collected in the paper on the per¬ 
formance of condenser microphones. 

Mr. West draws attention to the surprisingly large 
I discrepancies in the curves of Fig. 5. Since there is 
perfect similarity between loud-.speakcT characteristics 
taken in the aix)ustic roam with warble and .steady tones, 
it would appear tliat the errors shown in Fig. 5 Jire too 
great. This may bo due to the following factors. 
(^3!) Interaction between the source and the measuring 
microphone, (b) Conduction along the tube, (c) If 
any reflections were present, these would react on the 
.source, (d) Any small errors in measurement would be 
amplified at larg(3 distances, since the outx^ut from the 
measuring microphone is multiplied by the distance. 

Replying to Dr. Sutton, mechanical devices for 
replacing the voice and ear in transmission testing are 
still in their infancy, and no method is yet available 
which can bo univfjrsally used. Voice-ear testing is 
naturally a tedious and expensive method of measuring 
the performance of telephone instruments,. especially 
from a maniifacturer*.s point of view. Although mecha¬ 
nical devices have been obtained which give agreement 
with speech on particular instruments, yet the turning 
point, when voice-ear testing will be restricted to purely 
standardization work, has by no means been reached. 
With regard to Fig. fl, the ordinates are in terms of 
dynes per cm® per volt across the loud-speaker. The 
curve has not been corrected for the free-air calibration 
of the condenser microphone used. Dr. Sutton draws 
attention to a method of obtaining a unifonh sound 
field, A modification of this method which has been 
tried in the liasearch Section of the British Post Office 
is not altogether satisfactory in the acoustic room, on 
account of the polar distribution of the output from 
the loud-speaker and interaction between the control 
microphone and the loud-speaker. This microphone 
miLst be placed near the flare loud-speaker hom if 
sufficient control is to be obtained. The following 
method is being tried instead. The flare of the exponen¬ 
tial hom will terminate in a small wooden box 3 ft. 6 in. 

X 3 ft. 6 in. X 2 ft. 6 in. axially. This box will be 
lined to a depth of 18 in. with gamgee tissue backed by 
celotex. The gamgee tissue will be continued for about 
18 in. into the flare of the horn itself. The hom will 
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thus terminate in a cylindrical space surrounded by 
gamgee tissue. The pressure on the axis of the horn 
will be measured by a modification of the artificial ear. 
A small-bore tube, open at one end, is made acoustically 
long by drawing in strands of darning wool of varying 
lengths from the other end. The pressure existing at 
the open end will be measured by means of a condenser 
microphone which communicates with the tube at a 
distance of about 18 in. from this end. The output of 
the Bell receiver was quoted in terms of voltage for 
purposes of comparison with Fig. 10. Since the corre¬ 
sponding impedance curves are given, in Fig. 12, the 
current curves can easily be plotted. The side-tone 
reference-equivalent mentioned by Dr. Sutton can be 
obtained by the method of side-tone measurement given 
in the paper. It would not appear to be more complicated 
than the method used by him in Paris, since, when 
testing any new t37pe of instrument, the reference equiva- 



decibels 

Fig. J. 


Jj (> 15 <50 decibels) =s volume effidency of drcuit in terms of standard C B. 
subs, circuit with 300-ohm local line. 

N {>40<80 dedbels) *= room noise level (dedbels) above normal threshold of 
heanng at 1000 cycles per sec. 

N* =“ addition to effect of room noise due to side-tone. 

lents of its sending and receiving efficiencies must be 
obtained^—-and the side-tone test requires only one 
additional measurement. This method of reducing the 
sound m the receiver subjected to side-tone is perhaps a 
little cumbersome, but this can, be simplified by only 
using one receiver fitted with a modified artificial ear. In 
this, acoustic attenuation occurs in a small-bore tube con¬ 
taining threads of darning wool which leads from the 
cavity in the artificial ear to a hole in a standard earcap. 
The frequency of a neon-tube oscillator is given by the 
equation* 

/=___ 1 ■' 

KR log. [iS - -E,)-] 

w:here and E, are the striking, extinguishing, 

and applied voltages respectively. Since the two former 

• L. E. Ryall: “The Correlation of the A.C. and D.C. Striking Voltages of 
&l:^eonlaJoapt**J(mrmlofScienHficInstrumenis,lBZO,yol.7,T?,X77, 


are inherently variable, it would be expected that the 
performance of neon-tube oscillators would be rather 
uncertain. However, this method of producing the 
rhythmic howl used in mechanical testing of instruments 
is still in the experimental stage, and particular attention 
is being directed to its stability. 

Curve 1 of Fig. 3 is for sound waves incident at right 
angles to the diaphragm of the condenser microphone, 
and it is interesting to note that when directional 
effects are taken into account Mr. Pocock's experiments 
substantially confirm this, although the peak which 
they give does not appear to be so high as that obtained 
by the free-air method. This, of course, may be due 
to his assuming an incorrect characteristic for the moving- 
coil microphone. As regards Fig. 16, the curves are 
intended to show only the relative effects of distance 
on the efficiencies of the two types of microphones; 
they do not necessarily give absolute values. When 
considering the effect of room noise on the two t 37 pes 
it should be remembered that the side-tone on the new 
hand micro-telephone instrument incorporating an anti- 
side-tone transformer is of the order of 10 decibels 
less than on the standard solid-back instrument, and, 
although the reduction in efficiency with distance is 
not so great with the former as with the latter, yet the 
masking due to room noise will still be less. The reduc¬ 
tion in the articulation efficiency of a particular circuit 
due to room noise will depend on three factors, (a) The 



Fig. K. 


attenuation of the circuit, (b) The level of the local 
room noise (N decibels) heard in the free ear. (c) The 
amount of room noise (iV' decibels) heard in the receiver 
due to the side-tone of the instrument. The amount of 
yeduction due to these causes is clearly demonstrated 
in Figs. J and K. Fig. J was obtained for the working 
circuit of the British Post Office with a junction (L 
decibels) varying from 15 to 50 decibels, and for a range 
in room noise equivalent to a tone of 1 000 cyles per sec. 
from 40 to 80 decibels above the threshold value. If 
the relative side-tone for a particular instrument is 
known with a certain room noise N decibels, N' can 
be obtained from the appropriate curve in Fig. K. 
Then, when this instiument is used under these con¬ 
ditions on a circuit having an attenuation equivalent 
to if, the reduction factor in articulation corresponding 
to L + N + iV'is obtained from Fig. J. If Mr. Pocock's 
ideal of equal local-line losses were secured, many 
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problems of the telephone engineer would be greatly 
simplified. 

No great differences in the articulation efficiencies 
obtained by male or female crews have been recorded, 
but the possible cause of discrepancy mentioned by 
Dr. Dutton was not present in the tests, since the receiver 
■ was pressed to the ear in both cases, the hair, etc., 
causing no interference. 

Unfortunately no results of articulation tests for investi¬ 
gating either method of crew calibration mentioned in 
the paper, made in the Research Section of the British 
Post Office, are available at present. However, the 
curve in Fig. L is of similar shape to the upper curve 
in Dr. Collard's Fig. H, and similarly illustrates the 
practice effect. This curve gives the results of a series 
of tests made in Paris by an expert articulation crew 
during 1930. The circuit used was the S.F.E.R.T., 
incorporating a low-pass filter which had a nominal 
cut-off of 1 500 cycles per sec. The band articulation 
of the circuit was 0*65, which, from Fig. 34, corresponds 
to an ideal sound articulation of 93 per cent or an ideal 
syllable articulation of 82 per cent, since logatoms of the 
consonant-vowel-consonant combination were used in 
the tests. 

In reply to Mr. Smith, owing to the comparatively 
low intensities used in the tube method of adapting the 
Rayleigh disc for acoustic measurements no evidence 


of eddies being produced has been observed. Any 
eddies which are produced will occur at the walls and 
will penetrate only a very small distance into the tube. 
Mr. Barnes states that the specification for the maxi- 



Fig. L,—Articulation-practice effect. British team— Paris. 
1930. 


mum permissible amount of “ fry ** is given in terms 
of power. The voltage measurement given in the 
paper has been found to correspond to this power. 

The additions to the Bibliography suggested by the 
various speakers have been made and will considerably 
add to its value for reference purposes. 
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WIRELESS STUDIES OF THE IONOSPHERE.* 
By Professor E. V. Appleton, M.A., D.Sc., F.R.S. 

{Lecture delivered before the Wireless Section, %bth May, 1932,) 


(1) Introductory and Historical. 

The first indication that the upper atmosphere played 
an important role in wireless transmission was Marconi's 
successful communication between England and America 
in 1901. The late Lord Rayleighf was the first to 
realize that some other factor them that of wave diffrac¬ 
tion was involved in this case, and the mathematical 
investigations of Poincar^,J Nicholson, § Macdonald, || and 
Watson, Tf amply confirmed this view. These mathe¬ 
matical^ studies of the diffractive bending of electro¬ 
magnetic waves round a conducting, or partially con¬ 
ducting, sphere showed conclusively that the signal 
intensity should decrease with increase of distance much 
more rapidly than was actually found to be the case in 
practice. Some factor favouring wireless transmission 
had evidently not been taken into account. 

Fortunately, suggestions as to the nature of this 
factor were already to hand, for, in 1902, Kennelly** 
and Heaviside ft had independently pointed out that if 
the upper atmosphere were electrically conducting there 
would be a tendency for the wireless waves to be guided 
round the protuberance of the earth's surface, energy 
being conserved between two concentric shells and not 
lost to space. As was clearly pointed out by Kennelly, 
the acceptance of the hypothesis of the existence of an 
upper-atmospHeric conducting layer meant that "the 
voluminal wave energy would, beyond a certain radius 
from the emitting station, diminish in simple proportion 
to the distance, neglecting absorption losses at the 
upper and lower reflecting surfaces, so that at twice 
the distance the energy per square metre of wave front 
would be halyed." 

Later quantitative studies of long-distance long-wave 
propagation, of which the most complete is that by 
I^und, Eckersley, Tremellen, and Lunnon,JJ have 
afforded very strong indirect evidence for the existence 
^ * the atmospheric conducting region postulated by 
Kennelly and Heaviside, in that Substantial agreement 
has ^ been obtained between the observed values of 
received signal intensity and those predicted from 
Watson's theory§§ of the propagation of waves round 
a conducting sphere which is itself surrounded by a 
concentric reflecting shell. 

^ost direct evidence of the existence of an upper 
conducting layer has, however, been derived from 
e3q)eriments on short-distance transmissions in which 
the question of the earth's curvature is not involved. 
Such e::^eriments, besides yielding a direct prbof of the 
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existence of the Kennelly-Heaviside layer, also gave the 
first indications of its height above the earth's surface. 
Their further prosecution has added considerably to our 
knowledge of the electrical structure of the upper 
atmosphere. Most of the advantages of short-distance 
experiments can be traced to the fact that there is, in 
such cases, a ground wave arriving at the receiving 
station which, when used as a kind of reference standard, 
enables us to study the ampHtude, phase, and polariza¬ 
tion of waves reaching the receiver via the upper 
; atmosphere. 

(2) The Direct Proof of the Existence of the 
Kennelly-Heaviside Layer. 

; In 1926, Barnett and I* gave an experimental proof 
I of the existence of an atmospheric ionized layer and 
also a determination of its height. The proof of the 
existence of the layer was in two parts. The first part 
of the experiment consisted in causing a small con¬ 
tinuous change of the emitted frequency to take place 
at the sending station, the resultant alteration of the 
signal at the receiving station being noted. It was 
found that the gradual alteration of the emitted fre¬ 
quency produced regular maxima and mi niTna of received 
signal intensity, such as might be expected from inter- 
ference between ground waves and downcoming waves 
from the upper atmosphere. The first part of the 
experiment therefore proved the existence of two sets 
of waves arriving at the receiving station. In the 
second part of the experiment the signal variations 
were compared {a) on a vertical aerial and (6) on a loop 
the plane of which coincided with the plane of propa- 
j gation. From this comparison the angle of incidence 
of the variable set of waves at the ground was shown 
to be less than J-tt. In a series of experiments carried 
out at Cambridge on signals from London, 88 km away, 
the angle of incidence was found to be 20®, indicating 
that the variable waves which caused the interference 
system with the constant ^ound waves came down 
from the upper atmosphere. Each part of the experi¬ 
ment provided, moreover, an independent estimate of 
the height of the reflecting region. This was found to 
be of the order of 90 km for the range of wavelengths 
used (300 to 400 m). 

The experimental 1 proof of the existence of the 
Kennelly-Heaviside layer given by Barnett and myself 
was immediately followed by confirmatory independent 
experiments of a very exhaustive nature carried out by 
Stmth-Rose and Barfield, t who also found equivalent 
heights of the order of 100 km for a similar range of 
wavelengths. - 

* SeeBibliogiapliy,(XO). t (11). 
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(3) Methods of Measuring the Equivalent Height 
OF THE Atmospheric Reflecting Layer. 

Since 1925, various direct wireless methods have been 
proposed for measuring the effective'' height in the 
atmosphere at which the waves are reflected, and most 
of the information we possess concerning the electrical 
structure of the upper atmosphere has resulted from 
their application. It is found that these methods can 
be dmded into two classes, (a) those in which the angle 
of incidence of the downcoming waves is measured, and 
{b) those in which the group-time for a signal to travel 
from sender to receiver via the upper atmosphere is 
measured. Because of the greater use that has been 
made of them we shall consider only the methods of 
class (b) in detail here. | 

To measure the time required for a signal to travel to 
the upper atmosphere and back, we require to impress 
on the waves emitted by the sending station some 
distinguishing feature by means of which we can recog¬ 
nize them on their subsequent arrival at the receiving 
station. Now an electric wave possesses two charac¬ 
teristics, namely, frequency and amplitude, so we are 
at liberty to modulate either of these quantities. Both 
frequency-modulation and amplitude-modulation have, 
in fact, been used and we now proceed to consider the 
two methods in greater detail. 

(a) Frequency-change method. 

To illustrate the principles of this method, which was 
first used by Barnett and myself, let us consider a 
sending station at S (Fig. 1), the signals from which are 
received at a station R, Two sets of waves reach the 
receiving station, namely, the ground waves along SR 
and the atmospheric waves along SABCR. Let the 
optical path of the atmospheric waves be P and the 
path-difference between the atmospheric and ground 
paths be D, Although SR is independent of the fre¬ 
quency, both P and D are functions of that quantity. 

If n is the difference in the numbers of wavelengths in 
the atmospheric and ground paths we have 


■ ■ ■ • • i‘i 

where / is the frequency of the waves, and A and c are 
respectively the wavelength and velocity of the waves 
in free space. Since, however, D is equal to (P — SR), 
(1) becomes 

.(P - SR) 

n=/5_-^ . . . . ( 2 ) 

Nowin the application of the frequency-change metiiod 
we measure the alteration of n for a-known alteration 
of /, the quantity An/A/ being eaperinientaUy deter¬ 
mined. From (2) we have 

cAn/A/== (P - SR) + fdPldf . . . ( 3 ) 

or (cAn/A/-h SR) = P +/ap/d/ . . ( 4 ) 

The quantities on the left-hand side of (4) are those 
determined in the experiment, and we see that only when 
the upper atmosphere is non-dispefsive (i.e. dP/£y ==: 0) 
can we determine the dptical path P in this way. I have, 


however, shown* that, since the optical path is equal 
to f^ds for the atmospheric wave track {fji being the 
refractive index along an element of track length da). 
we have 

+ p -cj^ . . . . (6) 

(7 being the group velocity of the waves at any point. 
P' is termed the equivalent path of the atmospheric 
waves. From (4) and (5) we have, therefore. 




from which we see that the essential quantity measured 
in the frequency-change method is the group-time for 
a signal to travel along the atmospheric track SABCR. 

(5) Amplitude-change method. 

This method was first proposed and used by Breit 
and Tuve,t . who used a station emitting short pulses of 


Ionized region 


Ground 
Fig. 1. 

radio-frequency energy and measured directly the time 
interval, t, between the arrival of the pulses received 
via the ground and -via the atmosphere. Evidently for 
such a case we have, using the nomenclature of (a) and 
Fig. 1 above, 

, P'-SR 

r“ • • • . . (7) 

or (SR -1- cf) = P' = cl(dajU) . . . (g) 

A comparison of (6) and (8) shows that the gam. 
quantity, namely, the equivalent path of the atmo¬ 
spheric waves, is measured in both the frequency- 
change and the amplitude-change methods. SinfA jy is, 
in general, less than c, the equivalent path P' is greater 
than the actual path s of the atmospheric waves, so 
that the equivalent height (calculated by simple triangu- 
lation from the equivalent path) is greater than the 
I actual maximum height reached by the atmospheric 
waves. By far the greater part of the measurements 
of equivalent heights has been made with the distance 
SR less than 20 km, so that the angle of incidence of 
the atmospheric waves on the ionized region has usually 
been very small. 

(4) Results of Equivalent-Height Measurements. 

As I have afready stated, the results of tide first 
measurements of the equivalent height of the Kennelly- 
Heaviside layer, made -with 400-m waves, indicated an 
equivalent height of 90-100 km. Further continuous. 

^ ^ t /W., (13). 
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senes of measurements showed that, for most nights 
after sunset, the height increases slightly, reaching its 
ma^mum value about half an hour before sunrise, after 
which, by a somewhat rapid change, the height is reduced 
to the lower day-time value. During a normal night 
the equivalent height may increase to 120 km; but, on 
certain occasions, during the hours just before dawn 
400-m waves penetrate the Kennelly-Heaviside layer 
(region E) and are reflected at an upper stratum which 
is richer in ionization. On such occasions .equivalent 
heights of 230 to 350 km have been measured. With 
the advent of sunrise the ionization in region E is 
restored and deviation at a height of 100 km again takes 
place. 

When shorter wavelengths are used, the number of 
hours in the day when region E is penetrable is greater. 
This IS Illustrated in Fig. 2, in which the equivalent 
path of the atmospheric waves (which, in this case, is 
approximately twice the equivalent height) is exhibited 
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Fig. 2.—Teddington transmission received at Kinff*s 
College, 21st March, 1930. ® 

as a function of local time. A wavelength of 160 m 
was used here and it is seen that the discontinuous 
]ump from region F to region E occurred after ground 
sunrise. 

Further experiments carried out with a wide range of 
wavelengths have shown that the following general 
statements can be made concerning the relation between 
-equivalent height and wave frequency for observations 
with waves incident normally on the ionized regions. 
Low-frequency waves are reflected at region E, the 
^uivalent height increasing slightly with increase of 
frequency. At a certain small critical range of fre¬ 
quencies, reflection at region E ceases and reflection , at 
region F begins, and there is a discontinuity in the 
range of values of equivalent heights. With further 
increase of frequency the equivalent height of region F 
increases rapidly, so that for very high frequencies of 
the order of 10^ cycles per sec. the waves penetrate 
region F at normal incidence and pass out into space. 
The mean critical penetration frequency for region E 
yaries diumally and seasonally ; it is a maximum at 
local noon, and a ininimum just before dawn. It is 
also greater at summer noon than at winter noon. The 
penetration frequency for region F is a maximum two 
or three hours after local noon, and its diurnal and 


seasonal variations are not so marked as is the case 
with the penetration frequency for region E. 

The above considerations are of considerable use in 
correlating the different results obtained by investigators 
who have used the group-retardation method. The first 
observations of this kind, made by Breit and Tuve in 
1926, with 70-m waves, yielded values of the equivalent 
height ranging almost continuously from 88 km to 
212 km. Further day-time measurements made by 
Breit, Tuve and Dahl* appeared, however, to fall into 
two series, of mean values 110 km and 220 km. These 
results I have interpretedf as confirming my theory 
of the existence of two reflecting regions. Kenrick 
and Jen,t working with 67-m waves, found, in a 
24-hour run, values ranging from 240 km in the day¬ 
time to 370 km just before dawn. According to the 
explanation given above, the waves used by these 
observers were penetrating the Kennelly-Heaviside layer 
(region E) and were reaching region F. In 1930, Gilli¬ 
land,^ using 74-m waves, came to the conclusion that 
day-time reflection was obtained from two layers of 
equivalent heights 119 km and 235 km. 

In Germany, Goubau and Zenneck,|| using 530-m 
waves, found that all their results could be explained 
in terms of single and multiple reflection from one layer, 
the equivalent height of which was of the order of 
94 km. The waves used by these investigators were 
cle^ly of such a length that penetration of region E 
did not take place either by day or by night. 

In 1931 Schafer and Goodall, f using 97-m and 187-m 
waves, concluded that their data indicated the exis¬ 
tence of two distinct ionized regions or layers, while 
more recently Builder and I,** also using the group 
retardation method, have found that the echoes from 
region F are often split into doublets which we con¬ 
sider may be the two magneto-ionic components into 
which the single pulse is resolved by magneto-ionic 
dispersion. Still more recently, Rukop and Wolf,tt 
using a method for the continuous recording of equiva¬ 
lent heights of reflection, have also observed the same 
doubling of echoes from region F, which they also are 
inclined to attribute to the influence of the earth's 
magnetic field. 

Summarizing the above discussion we may say that 
from experiments carried out at vertical incidence there 
is now considerable evidence for the existence of two 
reflecting regions, namely the Kennelly-Heaviside layer 
(region E) and an upper region which is normally more 
intensely ionized (region F). The equivalent height of 
region E is found to increase slightly with increase of 
frequency, the average value being of the order of 
100 km.^ At any hour of the day there is a certain 
small critical range of frequencies for region E, and 
frequencies higher than this reach region F. Fox fre¬ 
quencies slightly higher than the critical range the 
equivalent height is of the order of 230 km. At first 
the equivalent height of region F may decrease slightly 
with increase of frequency, but for still higher frequencies 
there is a marked increase of equivalent height with 
increase of frequency. Very high frequencies penetrate 
both regions E and F. 

^ See^ BibKograpliyj (14). 


§ JJW., (17). 


f Ibid., (15). 
(., (18). ^ Ibid., (19). 

ttIW^,(21). 


t Ibid., (16). 
*• Ibid.,(20). 
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(5) The Nature of Downcoming Waves. 

The applications of the frequency-change method, 
supplemented by the use of different types of anteima 
installations, has permitted the determination of the 
characteristics of downcoming waves and of the nature 
of the causes of nocturnal signal variations and direc¬ 
tional wireless errors. Ratcliffe and I,* using 400-m 
waves, have carried out experiments to determine the 
polarization of waves reflected by the upper atmosphere. 
These experiments showed that, in south to north 
transmission over a distance of about 80 miles in 
Rngland, the polarization is approximately circular 
with a left-handed sense of rotation, t In attempting 
to explain this result we pointed out that the in¬ 
fluence of the earth^s magnetic field might well be 
expected to give this result, but that the most 
direct test of such an interpretation “would be to 
carry out similar experiments at corresponding points 
in the Southern Hemisphere, where the resulting 
polarization should be right-handed if the effect is due 
to the action of the earth's magnetic field." More 
recently A. L. Green, working under the Australian 
Radio Research Hoard, has been able to test this point 
and has found that, under comparable conditions, down¬ 
coming waves in Australia are approximately circularly 
polarized with a right-handed sense of rotation. 

Experiments on the polarization of downcomihg waves 
are of more than scientific consequence. The British 
Radio Research Board, on its formation in 1920, insti¬ 
tuted a fundamental inquiry into the cause (and, if 
possible, the elimination) of night errors in direction¬ 
finding, It was recognized at that time that such 
errors were caused by the arrival at the point of obser¬ 
vation of waves which were abnormally polarized, but 
the origin of such abnormal polarization was unknown. 
As a result of Green’s experiments it can now be regarded 
as certain that the influence of the earth’s magnetic 
field is such as to produce this polarization. We can 
say that nocturnal errors in wireless direction-finding 
are due to the arrival at the receiver of waves which 
leave the emitter as plane-polarized waves in a direction 
inclined to the horizontal and reach the ionosphere. 
There, under the influence of the earth’s magnetic field, 
they are separated into two ellipticaUy polarized waves 
which undergo differential absorption and refraction. 
On reaching the receiver they cause fading and errors 
in the observed direction of the emitting station. 

In connection with the nature of the changes which 
take place in the characteristics of downcoming waves 
at night, we have to contemplate the possibility of 
changes in (a) the angle of incidence, (5) the intensity, 
(c) the phase, and (<^) the polarization of the down- 
coming waves. By studying fading on different types 
•of antenna reception systems, Ratcliffe and I have 
concluded that intensity variations and, to a lesser 
•degree, phase variations are the chief causes of signal 
fading. For the conditions of our experiments (400-in 
waves and distance of propagation 131 km) we concluded 
that variations in the angle of incidence and in the 

* See Bibliography, (22). 

t The observer is here supposed to be looking along the direction of wave 
{propagation. 


rotation of the plane of polarization are not responsible 
in any marked degree for signal fading. 

Although the cause of signal variations has been 
traced mainly to resultant intensity fluctuations of the 
downcoming waves, it is important to note that such 
intensity fluctuations are most probably themselves 
the result of an interference mechanism. The intensity 
fluctuations are found to exhibit a kind of periodicity 
which varies with the wavelength and with the distance 
of transmission. If T is the period of the fluctuations 
^d A the wavelength, T/X is found (within certain 
limits) to be an increasing monotonic function of the 
distance of transmission. It is highly probable that 
interference between the various magneto-ionic com¬ 
ponents of singly- and multiply-reflected downcoming 
waves is partly responsible for resultant intensity 
fading, for variations in the ionic concentration along 
the trades of the waves will cause differential alterations 
of the optical paths and thus an alteration in the phase 
differences between the various components which arrive 
at a receiving station. According to this view, the 
influence of the earth’s magnetic field is important in 
causing signal fading as well as directional errors. 
Another probable type of interference mechanism is the 
simultaneous reflection of waves from different portions 
of a layer of non-uniform stratification, the irregularities 
of which alter with time. 

The reflection coefficient p (defined as the ratio of the 
emergent to the incident amplitude) can be determined 
when doubly-reflected waves are observable, as is often 
the case with the group-retardation method. We allow 
for the fact that the doubly-reflected wave has made a 
double journey to the layer and back so that in the case 
of vertical incidence p is equal to twice the ratio of the 
intensities of the second- and first-order components. 
The value of p at night can approach unity, values of 
0-3 to 0-7 being quite common for 70-m waves. 


(6) The Magneto-ionic Theory of Electric 
Wave Propagation. 

The foundations for any theoretical discussion of the 
action of the ionosphere in wave propagation are to be 
found in the theories of Eccles* and Larmor.f Eccles 
showed that the action of free ions is to increase the 
phase-velocity of the waves in the medium so that the 
refractive index is diminished below unity. Larmor 
emphasized the importance of considering electrons as 
the effective electrical carriers, and pointed out that for 
any substantial diminution of the refractive index 
below unity to be attained without large absorption, as 
is required to account for the experimental data, we 
must consider the frequency of the electron collisions 
with the gas molecules as being small compared with 
the frequency of the wireless waves. 

For negligible friction the theories of both Eccles and 
Larmor lead to the following expression for the refractive 
index:— 



47rNe2 


mp* 


. . (9) 


where N is the number of electric charges (of charge e 
and mass m) per cm^, and p is the angular frequency of 

* See Bibliography, (23). t (24). 
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the waves. As shown by Lorentz* and, with greater 
relevancy to our particular problem, by Hartreef this 
equation, when corrected to take account of local polari¬ 
zation effects and interelectronic influences, becomes 

2 __ j _ 47TNe^ 

^ -f J(43 tAV) * * * 

In both cases it is seen that the presence of electrical 
earners causes a reduction of the refractive index below j 
unity. 

Let us now consider the case of the refraction of waves 
by a medium of gradually varying refractive index, the 
variation being so gradual that the medium may be 
considered as homogeneous throughout a few wave- 
len^hs.J Let ABCDEF be a ray which enters the 
ionized medium at B and emerges from it at E (see 
Fig. 3). Let 0i be the angle of incidence at the lower 
boundary of the ionized region and the refractive 


of an ionized medium for transmission along and at 
right angles to an imposed magnetic field were imme¬ 
diately derivable from the dispersion theory of Lorentz. 
The sigrnificance of such expressions in connection with 
the interpretation of wireless wave phenomena was dis- 
I cussed by Barnett and myself,* and also by Nichols and 
Schelleng’. These discussions showed that the influence 
of the earth*s magnetic field is quite marked for all 
wavelengths except those which can be classed as 
ultra-short. 

In general, however, we are concerned not only with 
propagation along and at right angles to the earth's 
magnetic field, but with propagation in any direction 
relative to the field. Given the nature of the medium 
and the direction of propagation, we wish to know the 
refractive index, absorption coeificient, and polarization, 
for the two component waves which travel. Formulee 




Fig. 3. 

C is given by lie 
/to sin sin . . . . 

where^ is tie angle between the ray direction at C and 

/Xi> = sin ^ ^ (12) ; 

From (10) and (12) it is easy to show -Oiat 

Nn = CQS^ 6i 

4?r6®{3 —^ cos^ j 

„ mp^ cos^$. 

4we2 • - • . (14) 

sSSSSjaiS? 

that no account had been ta 1 r<an ^ 

the earth's magnetic Sm “»fl«ence of 

electrical camera in upper atevSS’ 

ofelecrtonicmass. Egressions for the re^^etdex 


Fig. 4. 

for cases in which friction is n^Iected have already been 

entiL*l?« importance of the differ- 

abso^tion of the two components a more generL 
rteatment is desirable. An exteLon of thTSsSon 

general case STi” 

direcrion of propagation is therefore given below ^ 
aW ^ propagation of plane wave.s 
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* See Bibliography, (29). 
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Since plane wave propagation takes place along the 
X axis we have 

.(17) 


so that the six equations in (16) and (16) become, in 
order, 

+ .(18) 

= .... (19) 




1 IHy 

rV • ■ • • ■ ( 22 ) 

.(23) 

These equations immediately tell us certain facts 
about the type of propagation. From (18), since 


we have 


jE 7^ -f- JPjg = 0 


This means that since the electron current vibrations 
will, in general, have a forward component at right 
angles to the wave-front, there will also be a longi¬ 
tudinal component of electric force, so that the waves 
are not wholly transverse. Equation (21) implies that 
there is no corresponding forward component of the 
magnetic vector, so that it is convenient to specify the 
polarization of the wave in terms of Hy and Hg 
From (19), (20), (22), and (23), we derive the four 
wave-equations 

/I <1® 1 a T 

Vc2 ■ ^ ■ ^(^V) = 0 

/I , 1 C>,. 

U ’ 3«2 -da^r” ~ ® 

/i 1 S/. f • (26) 

n av I j _ 

Vc2 ■ ^<2 ~ 7 

Following Lorentz, let us assume that all the field 
vectors are represented by expressions containing: the 
factor eW-®').* We then have 


= ^ 


* i is here written for VC-*1)- 


2 Using (27), our four wave-equations (26) become 

(c 2 ff 2 -l)j;^_P ^=0 ■ 

(cV—i)js?^_p^^ 0 
(o 2 g 2 _l)ir^_CgP^= 0 [ • • • (^®) 

(<^^-l)3y+eqP,= 0, 

I from which we deduce that 

^y_Py , P. 

I Bz Pz Hz~~e'„- • • (2®) 

and thus (EH) = 0 . The resultant components of E 
and E in the wave-front are thus at right angles to 
each other. 

To obtain the values of the complex refractive index 
{cq) we must find the relations between the components 
of electric force and polarization in. terms of the imposed 
magnetic field and the ionization of the medium. We 
assume that the imposed magnetic field has longitudinal 
and transverse components Ej, and Ej, respectively and 
that the medium contains E electrons (each of charge e 
and mass m) per cm®. We further assume that each 
electron makes on the average v collisions per second 
With the air molecules. 

Extending the treatment given. by Lorentz*** and 
allowing for the fact that the electrons possess negative 
charges we find 

== {a + iP)Pg + .... (30) 

= (a -f ip)Fy — iyTPx + ^Yl^z • (31) 
= (a + i^)Pz — iyzPy .... (32) 

where 

a- _ P mpiHx,el(fnc)] 

*- 4w2^e2-3’ P = - 4wj/e2 

andyjr a: -— — . To facilitate practical calcula¬ 
tions the values of e and (and Hjr) are here 
written in electrostatic units and gauss respectively. 

From (25) and (30) we have 

* l + a + i^ • • • • 

I Substituting in (31) we therefore obtain 

.B, = (a + - ( 34 ) 

... (32) 

Using (34) and (32) now and eliminating F„, 2 Si» P,,, , 

and P(^> we have . 

^ 1 + a + *)5“cV — l} 

* I/>wntz consi<iefs positive eleclaical car^^ 
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from which we find 


To find the polarizations corresponding to the two 
values of the complex refractive index cq given by (36), 
we note that, on substituting from (28) in (32), we have 


and thus 


_ — iyx, 


• (36) 


Hz [l/(c2g3— 1)] — (a + ij8) • * (^7) 

The two formulae (36) and (37) are therefore the repre¬ 
sentative equations for the magneto-ionic theory in 
terrm of a ray treatment, and their elucidation and 
apphcation constitute one of the most important 
problems m connection with present-day wireless theory. 
We proceed to a very brief discussion of them. 

Let us write 

4w27e2/»» = pi- = pj^-, and HTel(me) = pj, 

We then have 


a = -(p2/p2)_ j. 

yL=PPzJpl an< 


Yt = PPt/p^ 


so aat, on substitution in the general formula (36) we 


' — icKjp)^ =3 1 _ 


frequency conditioned by the earth's magnetic field. 
The ordinary ray is, in general, less absorbed than the 
extra-ordinary ray. The polarizations of the magnetic 
forces in the two waves are similar ellipses the major 
axes of which are at right angles. For a direction of 
propagation making an acute angle with the positive 
direction of the magnetic field the polarization of the 
ordinary wave is left-handed and that of the extra¬ 
ordinary wave right-lianded. 

The refractive index for the ordinary ray becomes 
zero when the condition (1 -f- a) == 0 is reached. The 
refractive index for the extra-ordinary ray becomes zero 
when either of the conditions (1 -f a) = ± 1^/(7% + y£)| 
is satisfied. Two illustrative examples may be cited. 
For vertical incidence in the British Isles and 80-m 
waves the condition (1 + a) = - |V(y2 + y 2 )| ig 

reached first for the extra-ordinary ray, so that it is 
reflected first and reaches the ground as a right-handed 
component, the other ray travelling further into the 
layer until the condition (i + a) = 0 is reached, when 
it too IS reflected On the other hand, for 400-in waves 
the conditions are reversed, for the ordinary ray is 
reflected at a lower level than the extra-ordinary ray 
since the condition (1 -f- a) = 0 is satisfied for the 
former before the condition (1 -f a) = -4- 4 - 

is reached for the latter. IV i/ar 1 

(7) The Nature of the Ionization. 

Material evidence concerning the nature of the elec- 
tacal carriers in the two reflecting regions is derivable 
from the expenments on the polarization of downcoming 
waves and on the - splitting- of echoes. For the 
upper F region the observations of Builder and myself* 


* - ■ _ --— _ 

2(p2 + _ p^% 

c^Zieut “de* and the absorption on m 

thrisroffo?: ^ 

of (38), not included we have, in place by th 


• ^p^pIJ 
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See Bibliogpraphy, (30). 
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NJme > Nilmi, For the lower region we know that 
is greater than zero, hut we are not yet <^uite 
certain of the relative values of Njm^ and 
The fact that there are two reflecting regions suggests 
that there are two regions in which 2(iV/m) reaches a 
maximum. This means that we can say that there are 
two regions in which the conductivity is a maximum, 
since the conductivity is determined by the same 
quantity. But even if we know approximately the 
way in which 2(N/m) varies with height, we have no 
very definite evidence as to the way in which NJnie 
and Ni/mi vary separately. 

(8) The Nature of the Ionizing Agencies. 

The evidence of wireless transmission points quite 
clearly to ionizing agencies of solar origin. The corre¬ 
lation of phenomena with sunset and sunrise show 
clearly that, for the normal processes, the greater part 
of the radiation in question travels in straight lines. 
Chapman has given reasons for assuming that the lower 
region is ionized by neutral particles and the upper 
region by ultra-violet light. At a recent Geophysical 
Discussion at the Royal Astronomical Society* I men¬ 
tioned the possibility of deriving during a solar eclipse 
information concerning the nature of the ionizing agency, 
and this was further discussed by Chapman. Because 
of the difference in velocity with which ultra-violet light 
and moving particles travel, it turns out that there are 
important differences in the incidence in time and place 
for what may be called the optical eclipse'' and the 
corpuscular eclipse ’* when the moon cuts off the solar 
stream from the earth. 

In the solar eclipse of 1927 in Great Britain the 
results obtained have been interpreted as supporting 
the view that ultra-violet light is partly operative in the 
lower region, since a partial return to night-time con¬ 
ditions was experienced round about optical totality. 
But on that occasion no observations were made during 
the time when the ''corpuscular eclipse*' was to be 
expected. For the eclipse on the 81st August, 1932, 
arrangements have been made to carry out observations 
both on the track of optical totality and also at stations 
situated on or near the belt of the " corpuscular eclipse." 

Most of the available evidence shows that the agency 
which causes magnetic storms and also the excess 
ionization beyond the ordinary diurnal value on dis¬ 
turbed days is corpuscular in character, this excess 
ionization is to be found chiefly in the lower region. 
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APPENDIX. 

The somewhat complicated formula (35) may be 
simplified Tor certain practical cases. Let us suppose, 
for example, that the frequency of electron collisions 
with gas molecules is small compared with the electric 

wave frequency. We then have A«l. Also if the 

> . m 

ionization is not too dense we also have ^«(l -f a)^ 
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Let us now write 
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In our attempt to find the values of ^ (the refniciivti 
index) and /c (the absorption coefficient) we note that 
/cc/p, which represents the exponential absorption factor 
for a length of path A/( 2 - 7 r), must be very small com¬ 
pared with unity, except for conditions near /x- - o. 
If this were not the case, the absorption would l>e such 
that the waves would never reach the ground in iihuih- 
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DISCUSSION ON 


“METAL-CLAD SWITCHGEAR, AUTOMATIC PROTECTION, AND REMOTE CONTROL, 
WITH PARTICULAR REFERENCE TO DEVELOPMENTS DURING THE LAST SEVEN 

YEARS."’*' 


Additional Communication to the Discussion. 


Dr. J. Kopeliowitch and Mr. J.K, Brown (Switzer¬ 
land: communicated): In Section (2) (xvi), ''Switching 
Capacity,'' and Appendix I the author deals with the 
problem of the interpretation of oscillograms from 
actual test-results. In view of the number of testing 
plants in existence it is of importance that an inter¬ 
national agreement be reached with regard to the 
calculation of the rupturing capacity and the conditions 
for carrying out short-circuit tests on circuit breakers. 
On page 301, in discussing the rating of circuit breakers 
according to B.S.S. No. 116—1929, the author points 
out that for Table 4 the recovery voltage is not pre¬ 
scribed. The table gives for a specified kVA rating the 
current-breaking capacity at standard voltages; how¬ 
ever, it is stated on page 20 of B.S.S. 116 ["Method 
of Interpreting Test Records " 72 (iii)] " the kVA broken 
shall be calculated in the usual manner from the recovery 
voltage observed after the extinction of the arc in all 
phases, and from the breaking current." Consequently 
it must definitely be understood that for short-circuit 
tests the rated current must be interrupted with a 
recovery voltage equal to the rated voltage, in order 
to obtain the kVA given in Table 4. 

The author's reference on page 301 to rating, perform¬ 
ance, and selection is vague and indefinite. The terms 
should be considered in the reverse order, i.e. selection, 
performance, and rating. In 1931 the Swiss Committee 
of the Paris Conference on Large Distribution Systems 
prepared a report on the calculation of the short-circuit 
capacity of networks and the factor of safety to be 
considered when selecting circuit breakers.f These two 
factors are of fundamental importance with regard 
to selection. The conclusions drawn by the Committee 
were that the responsibility for the determination of 
the rupturing capacity, P^, rests with the purchaser, 
while the manufacturer must guarantee that the circuit 
breaker can rupture the value of Pg specified. The 
selection then depends on the voltage and rupturing 
capacity. Rating and performance should be inter¬ 
dependent, the rating of the breaker being derived from 
the actual performance during short-circuit tests. As 
a result the conditions for such tests must be carefully 
investigated and should conform with practical condi¬ 
tions as far as possible. To compare the performances 
and, consequently, the ratings of different types of 
circuit breakers, it is essential that the specifications 
for short-circuit tests should be agreed upon inter¬ 
nationally. The necessity for such an agreement has 
been pointed out several times previously, but it appears 
that as a result of the experience gained in high-jpower 
test plants the ppmion is now almost universal. The 


* Paper by Mr. H. W. Cloikibr (seepage 286), 

t R^ort of Committee bn Circuit Breakers, International Conference on 
Large mstnbution Systems, Paris, 1931. 


ideal solution of the problem would be to establish an 
international testing circuit as suggested by the author; 
however, owing to the different characteristics of the 
plants already in existence, such an ideal solution is 
impossible and also unnecessary. The alternative is to 
draw up specifications based on the proposals of the 
I.E.C. Sub-Committee No. 17 similar to those given in 
the table on pages 319 and 320 of the paper. This table 
cannot be regarded as complete. Other regulations must 
be laid down, e.g. the use of abnormal connections neces¬ 
sitated by inadequate testing-plant capacity or the cost 
of acceptance tests. The following remarks apply only 
to the clauses suggested by the author. 

(ii) (fe) The author states that the voltage used to 
calculate performance shall be the rated voltage. This 



Fig. BB. 


should only be so when the rated voltage equals the 
recovery voltage. 

(iii) It is not clear how the author has determined a 
mean value of 80 per cent for different systems. For a 
fault as shown in Fig. BB where a current-limiting reactor 
is used (a case often met with in practice), the recovery 
voliage following a short-circuit would be almost 100 per 
cent. To compromise between the power factor and the 
recovery voltage, as suggested at the bottom of page 318, 
would only lead to further complications. It is safer 
to test with a recovery voltage equal to the rated 
voltage; this allows a factor of safety in particular 
cases. For a breaker situated near the generating 
station the voltage decrement would under certain 
conditions be fairly large, and hence the stress imposed 
on the breaker would be reduced. For a breaker at 
the end of a long feeder the recovery voltage would be 
practically 100 per cent, but in this case the additional 
ele^osiatic capacitance of the network would reduce 
the natural frequency of oscillation of the system and 
hence the stress on the breaker. The precise difference 
is dif&cult to estimate for aU operating conditions, and 
varies considerably for individual systems. 

(iv) The present practice of calculating the recovery 
voltage as the R.M.S. value of the voltage for the first 
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or second half-cycle at normal frequency after the inter¬ 
ruption of all phases seems to be entirely satisfactory. 
Extrapolation back exactly to the final zero point of 
the current in the last phase to clear is not necessary, 
as the increase in voltage for the first few half-cycles is 
small. In addition, when a low- or high-frequency 
oscillation is superimposed on the normal voltage the 
evaluation wdll be more difficult and less accurate than 
the present method. 

(vi) The question of breaking current will be dis¬ 
cussed later. 


on the voltage-zero line between the current and voltage 
for the same phase. This is expressed in degrees by 
means of the time scale and the corresponding value of 
cos obtained from mathematical tables. The degree 
of asymmetry of the current is also given (column 3) 
for the first half-cycle after the commencement of the 
short-circuit; the value is expressed as a percentage, 
i.e. the ratio of the d.c. component to the R.M.S. 
value ly of the a.c. component. It may be seen that for 
test K 67 the average value for both phases is 0*010. 
The repeat test under identical conditions (K 68) gave 


Table C. 
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In addition to the divergence of results obtained from 
the oscillograms used, a further error is introduced when 
it is not possible to draw the contour curve of the 
current. Such a case is shown in Fig. 73 of the author's 
paper. On the other hand, when the current is sym¬ 
metrical it may be found that the difference between 
the values for consecutive current zeros is reduced. It 
is therefore to be recommended that wherever possible 
the value of cos ^ should be derived from tests when the 
d.c. component is small. 

(ix) and (x) With regard to the problem of earthing, it 
is difficult to understand whether the author implies 
that at and above 66 000 volts the neutral point on the 
supply and test side should be definitely earthed. When 
both the short-circuit point and the neutral point are 
earthed the restriking voltage per pole would be equal 
to the phase voltage. When the neutral point on either 
the supply or test side is unearthed, then the re¬ 
striking voltage for all phases would theoretically be 
1*5 X phase voltage. Apart from the high-frequency 
oscillations, the voltage stress on all three phases would 
be 60 per cent higher than when the neutral point and 
short-circuit point are earthed. This case is often met 
with in practice, so that it is necessary to state either 
that for all voltages both the short-circuit point and the 
neutral point on the supply side cannot be earthed, or 
that the tests are to be carried out according to the 
demands of practice. 

(x) (6) The statement in this clause appears to be. 
contrary to the interpretation of Clause (iv) (Restriking 
Voltage). In order to control the natural frequency of 
oscillation of the circuit and hence the rate of rise of 
the recovery voltage, it is necessary to include in the 
test circuit definite values of inductance and capaci¬ 
tance. This is stated in Clause (iv), which is in opposition 
to Clause (x 6). The influence of the wave-form of the 
recovery voltage or restriking voltage on the operation 
of circuit breakers is of importance; articles dealing with 
this problem have already been published.* Before 
specific values of frequency and voltage-rise can be 
given for specifications, further investigations are neces- 
sary, particularly with regard to high-tension systems 
and different tj^es of breakers. Ultimately, agreement 
must be reached in order that circuit breakers may be 
rated according to their performance under similar test- 
conditions. At the present time the divergence between 
test-conditions is principally due to the rate of rise of 
the voltage. Other factors governing the severity of 
test, such as methods of earthing, normal supply fre¬ 
quency, and power factor can be made the same for the 
different short-circuit testing plants. 

(xi) (2) With regard to the generator voltage, it is 
impossible to lay down definite regulations. The tests 
must be so arranged that for the required voltage and 
current the requisite conditions for power factor and 
earthing, etc., are fulfilled. The author's suggestion that 
between 3 300 and 22 000 volts the breaker must be 
connected directly to the generating plant is not feasible, 
as there are already several plants in existence that 
cannot fulfil this specification. Experience has shown 

♦ J. Kopeliowitch and J. K. Brown: “ Influence of the Wave-Form of the 

Voltage on the Operation of Circuit Breakers,’" Electrician, 1932, 
vol. 108, p, 93; also R. H. Park and W. F, Skeats: “Circuit-Breaker 
Recovery Voltstges,** Transactions of the American 1931, vol. 60, p. 204. 
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that high-voltage generators are not necessarily the most 
practical for short-circuit testing plants. 

(xi) (d) The length of the connections between the 
circuit breaker under test and the source of short- 
circuit power can only be determined by the general 
lay-out of the test plant and is of no practical importance. 

With regard to the calculation of the breaking current, 
it may be remarked that there is more diversity of 
opinion than for any of the other factors mentioned in 
the author's proposals. On the Continent it is standard 
practice to neglect the d.c. component of the current, 
whereas in England and America the R.M.S. value of 
the breaking current is calculated from the a.c. and d.c. 
components. In order to understand this problem it is 
essential to consider separately making and breaking 
currents. The making-current test is carried out in 
order to show that the breaker structure and contact 
arrangement are suitably designed to withstand the 
electro-dynamical forces set up by the short-circuit 
current. The force is determined from the peak value 
of the current and consequently should be calculated 
as the maximum current in the major half-cycle imme¬ 
diately after the circuit is closed. On the other hand 
1 the breaking current determines the combined electrical 
and mechanical performance of a breaker with regard 
to the pressure generated and the resultant stress in the 
structure when opening under short-circuit conditions. 
The two factors influence the breakers in different ways, 
so that a circuit breaker should have definite and dis¬ 
tinct ratings for making and breaking capacities. For 
a network it is possible to derive the maximum making 
capacity from the rupturing capacity; however, the two 
values must not be interchanged or confused. The 
making capacity of an oil circuit-breaker should be 
determined from tests with maximum asymmetrical 
current, either single- or 3-phase, irrespective of the test 
voltage. The breaking capacity must be derived from 
tests with symmetrical current and will consequently 
be less than the making capacity. If and are the 
making and breaking currents respectively, then 
Im (peak amps.) 2-65 (R.M.S. amps.). 

The report of I.E.C. Committee No. 17 (1930) on oil 
circuit-breakers and switches states, in Clause 6, that 
the d.c. component of the current must be less than 
30 per cent of the R.M.S. value of the a.c. components. 
This is due, as quoted by the author, to the low value 
of the restriking voltage when the current is asym¬ 
metrical. Oscillograms have been published showing 
the influence on the interruption process.* This is of 
particular importance for medium- and low-tension 
breakers. The only claim that the d.c. component 
must be considered in the calculation of the breaking 
current is its possible influence on the rate of generation 
of the gas bubble and the corresponding increase of 
stresses in the structure. For the major half-cycle of 
an as 3 mimetrical current wave the amount of gas will 
be more than that which is generated during the minor 
half-cycle. The total amount generated during both 
half-cycles may be the same as produced by a. sym¬ 
metrical current having the same a.c. component during 
the same time-interval. Consequently this factor can 

♦ J. Kopeliowitch: “ International Standardization of Oil Circuit-Breakers: 
Defimtion of Rupturing Capacity,” Reme Giniralede rElectricity, 1928, vol. 24 
p. 626 ; also R. H. Park and W. F, Skeats: Joe. 
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only be considered when a breaker is always able to in¬ 
terrupt the short-circuit in one half-cycle. For an odd 
number of half-cycles the amount of gas generated by an 
asymmetrical current can be more or less than with a 
S3mimetcical current. In practice it is thus imjx)ssible 
■to consider the d.c. component, as a breaker is practi- 
eally never called upon to interrupt the short-circuit 
during the period when the d.c. component is a inaxi- 
tnum. By the time the contacts begin to separate 
the current is nearly symmetrical and the effect of the 
d.c. component is almost negligible. As a result, the 
difference between the symmetrical and unsymmetrical 
■currents on the development of gas would be of no 
■irnportance. In a testing plant the effects are different, 
as it is usual to release the contacts shortly after the 
Short-circuit begins, in order to obtain the maximum 
rupturing capacity of the plant. As a result, in extreme 
cases the contacts can be made to separate during the 
first or second half-waves. The d.c. component will he 
a maximum in this case, so that if the rupturing current 
IS calculated according to the B.S. Specifications the 
corresponding rapturing capacity will be considerably 
toger than when calculated from the I.E.C. propo.sals, 
^ pointed out above, it is only permissible to inchule 
the d.c. component in the calculation of the rupturing 
ewent when the breaker is always able to interrupt 
toe short-circuit in one half-cycle. Owing to the fact thk 
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that exists at an entirely different instant of time gives 
a product that is physically meaningless. In my opinion 
the only quantities that should be used to express the 
performance of a circuit breaker at a given rated 
voltage are values of currents applied under prescribed 
conditions of severity. Although B.S.S. No. 116-1929 
states at present (July 1932) that the kVA broken 
shall be calculated in the usual manner from the recovery 
voltage observed after the extinction of the arc in all 
phases, and from the breaking current," there is no 
clause specifying how the value of the recovery voltage 
shall be obtained, and consequently a revision of the 
specification is officially under consideration on the basis 
of treating recovery voltage as a condition of severity, 
rating by current at a given voltage, and retaining kVA 
only as a nominal rating, given for convenience in 
selection, and representing the product of the rated 
voltage, the breaking current, and the appropriate 
phase-factor, in compliance with the existing Clause 46. 

The question therefore becomes one of establishing a 
minimum value of recovery voltage as a standard con¬ 
dition of severity, and Dr. Kopeliowitch and Mr. Brown 
inquire how the value of 80 per cent specified in Pro¬ 
posal (iii) on page 319 of the paper was reached. Con¬ 
sider first a large circuit breaker in close proximity to 
generating plant. This will be subjected to a recovery 
voltage of the order of 60 to 80 per cent, depending upon 
the generator characteristics and the duration of the 
short-circuit, and for this condition of service the pro¬ 
posed 80 per cent errs on the high side. Dr. Kopeliowitch 
and Mr. Brown indirectly confirm the 80 per cent in 
their remarks on breaking current and making current, 
because they infer that the alternating component of 
the current at the instant of contact separation has fallen 
to 80 per cent of its value at the incidence of the short- 
circuit; and thus they indicate that they anticipate an 
active voltage of 80 per cent at the instant of contact 
separation, and consequently a recovery voltage of a 
similar order of magnitude. I agree that for a small 
circuit breaker remote from generating plant the recovery 
voltage will approach 100 per cent; but at the test plant, 
when such a circuit breaker is tested, a similar increase 
in recovery voltage occurs automatically owing to the 
added reactance and resistance in the test circuit, because 
the power taken from the generating plant is small in 
comparison with what it can develop when testing large 
circuit breakers for service close to a generating station. 
It is on this account that Proposal (iii), on page 319 of 
the paper, recommends that the specified value of 80 per 
cent for recovery voltage should be a minimum. I 
submit that Proposal (Ui), to measure the recovery voltage 
at the critical instant of time following arc extinction, 
describes a reasonable method to adopt; but I should be 
prepared, in furtherance of international agreement, to 
support a suggestion to measure it on the basis proposed 
by Dr* Kopeliowitch and Mr. Brown. The difference 
between the two results would generally be veiry small. 

(^) Potof Kopeliowitch and Mr. Brown 

prefer to predetermine the short-circuit power factor 
by calculation, in accordance with my Proposal (viii) (c) 
ba page 320 of the paper. Appendix I includes this 
method, for the reasons they advocate; but it also 
ihCludes a method for checking the predetermined values 


from actual test results; and it must not be forgotten 
that the values of the short-circuit resistance and 
reactance of the test circuit, which enter into the pre¬ 
liminary calculation, are only obtainable accurately 
from short-circuit tests, and an oscillograph record is 
the most convenient means of indicating the physical 
relationship between the current and the voltage in a 
given test. 

It seems to me misleading that Dr. Kopeliowitch and 
Mr. Brown should give 770 per cent as the error resulting 
from comparing two oscillograph records (presumably 
of 3-phase tests), because they have arrived at this by 
comparing extreme erroneous measurements of cos <f> in 
two separate phases. Some of the angles given in idieir 
table are over 90°, and this indicates at once that results 
have been distorted by errors of measurement. If, how¬ 
ever, all the angles given for two phases in their tests Nos. 
K 67 and K 68 are averaged by being added together 
and divided by 16, the average angle is 87° 21', and this 
corresponds very closely to the calculated power factor 
of 0*05, which is the cosine of 87° The distances 
in millimetres given in Tests Nos. K 67 and K 68, instead 
of being practically identical, or, as is more probable, 
progressive in value, actually show a regular fluctuation, 
one possible explanation of which is that the imaginary 
zero line (representing the d.c. component) has been 
drawn slightly displaced on the oscillograph record. If 
the mean distances in millimetres of consecutive half¬ 
cycles are taken, to compensate for errors in the zero 
line, it is found that they gradually increase, and so 
indicate the expected slight fall in the speed of the test 
generator. On the assumption that 90° (electrical) 
corresponds to 20 mm at the incidence of the short- 
circuit, and that at each subsequent voltage zero the 
distances increase in proportion to the fall in speed of 
the generator, the scale will increase progressively from 
20 mm at the incidence of the short-circuit to slightly 
greater values at the subsequent zero points. If the 
mean value of the first two distances in millimetres 
given for voltage zeros (1) and (2) is divided by the scale 
appropriate to the particular instant of time, and if 
this is assumed to be 20 mm, the phase angle on the 
red phase in Test No. K 67 is 87°, and that on the yellow 
phase is 88°. The average of these two angles is 87° 30', 
which again compares closely with the angle of 87° 8', 
corresponding to the calculated power factor of 0 • 05 
lagging. 

Dr. Kopeliowitch and Mr. Brown, after proving their 
difficulty in making an accurate measurement, suggest 
that it is sufficient to specify that the power factor of 
the test circuit must be less than 0*3; but this leaves 
entirely unspecified how it is to be ascertained in practice. 
Admittedly, the power factor is difficult to measure in 
an oscillogramTike that of, for example. Fig. 73 of the 
paper; but in regular testing, which includes many 
records with long as well as short arcing periods, both 
synimetrical and asymmetrical, the more accurate 
meajsurements obtainable on the long ones do give a 
reasonable check on the values of phase angles for the 
whole, Incidentally, the value of 0*3 lagging, proposed 
for the power factor in the communication, is in my 
opinion too high for the standard test circuit. I con¬ 
sider the 0*15 lagging power factor recommended by 
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the International Electrotechnical Commission to be 
of an appropriate order of magnitude, but the more 
severe British value of 0-1 lagging is a still better 
standard. 

The vital point is that we should understand what is 
meant when we talk of power factor, in respect of either 
a single-phase or a 3-phase short-circuit test. The power 
factor is based on angles measured as accurately as is 
physically possible bn each phase at the point of separa¬ 
tion of the arcing contacts, and for a 3-phase short- 
circuit it is based on an average of the three angles. 
This is the primary intention of the definition given in 
Appendix I. I should have welcomed some suggestion 
for improvement of the definition or of the proposed 
method of measurement. 

I am indebted to Mr. J. A. Harle for a particularly 
helpful method (described in Appendix VII below) of 
ob^ining, by measurement on an oscillograph record, the 
power factor of an asymmetrical phase of an actual short- 
circuit, on the lines of Proposal (viii) (c) of Appendix I. 
It is applicable to series test-circuits, but not to circuits 
in which there are parallel paths having different time- 
constants; and therefore its scope for general use in 
field tests may be limited by reason of the interconnections 
of the network. 

(d) Earthing, Frequency, and Short-Circuit, —^The pro¬ 
posals in the paper cover British practice, which, for 
lower-voltage networks, is usually to earth the neutral 
point through a resistance, or, alternatively, to insulate 
it, whereas, for networks working at 66 000 volts or 
more, it is usual to earth the neutral point solidly. 
Continental practice agrees with Proposal (ix) (1) of the 
paper in insulating the neutral points of systems below 
66 OOO volts, and it also agrees with Proposal (ix) (2) 
partially, because it tends to earth the neutral points 
of systems working at the very highest voltaps; but 
there is an intermediate range over which it insulates 
the neutral point, contrary to Proposal (ix) (2). Circuit 
breakers intended for operation within this range are 
usually constructed as sets of individual single-phase 
units, and therefore lend themselves very conveniently 
to single-phase testing. Further, since the bulk of 
switchgear increases very rapidly with its rated voltage, 
it is important from an economic point of view to keep 
down the quantity of equipment under test; and again, 
with large circuit breakers, single-phase testing allows 
a relatively small amount of testing plant to be adequate. 
These economic considerations cannot be ignoredi 
because of their influence on the total cost of high- 
voltage switchgear; and, taking everything into account, 
I would propose generally that circuit breakers intended 
for use on networks working at and above 66 000 volts, 
but still retaining insulated neutral points in spite of 
the increasing modem tendency towards some form of 
earthing the neutral point, shall still be tested under 
standard conditions, with their neutral points solidly 
earthed, but shall have their performance results reduced 
by, say, 25 per cent and their ratings based on these 
reduced values. 

Proposal (xi) (page 320 of the paper) could easily be 
modified to correspond to Continental practice and test- 
plant facilities by connecting the apparatus under test 
; to the test plant as follows:— 


(1) Below 3 300 volts, to transforming plant. 

(2) From 3 300 volts to 11 000 volts, to generating 

plant. 

(3) Above 11 000 volts, to transforming plant. 

Since Dr. Kopeliowitch and Mr. Brown find that the 
effect on the circuit breaker of a change of frequency 
between 40 and 60 cycles per sec. is negligible, it would 
be best to establish the mean value of 50 cycles per sec. 
as the standard. It is provided in the paper that the 
frequency actually used, if not standard, shall be stated 
on the test certificate. 

(e) Restriking Voltage. —I would point out that the 
resistance and reactance in the test circuit referred to 
in Proposal (iv) (page 319) are to be used in series with 
the apparatus under test, primarily for the purpose of 
regulating the value of the short-circuit current, whereas 
Proposal (x) (5) (page 320) prohibits their use in parallel 
with the apparatus under test, when they would serve 
as a means of reducing the severity of the test. I would 
refer to Mr. Leeson's contribution (page 336) as a reply 
to the points raised by Dr. Kopeliowitch and Mr. Brown 
about the length of the connections used in the test plant 
and the rate of rise of restriking voltage. 

(/) Current Measurement. —^Dr. Kopeliowitch and Mr. 
Brown discuss at considerable length the question of 
whether the breaking current should be determined only 
from the a.c. component of the short-circuit current, or 
whether the d.c. component should also be taken into 
account, and they claim that the former method is in 
use on the Continent^ and the latter both in Great Britain 
and in America. They agree that it is necessary to test 
and rate a circuit breaker for making capacity as well 
as for breaking capacity, and they also agree with the 
British method of taking into account the d.c. component 
for expressing the making current. They prefer to 
neglect it, however, for expressing the breaking current, 
and they therefore disagree with the British method 
included in my proposals for that purpose. They also 
consider that tests made to determine the making current 
can be carried out irrespective of the test voltage and 
the number of phases of the circuit. With this I cannot 
agree, because the stress on making includes something 
more than the mere mechanical forces set up by the 
current. There are also thermal effects due to the arc 
on making contact, the intensity of which is controlled 
by the voltage; and hence making-capacity tests, like 
breaking-capacity tests, must be made at the rated 
voltage. Further, it has been agreed that the duties 
of a circuit breaker, not only in respect of making and 
breaking, but also in respect of carrying current, shall 
not be completely divorced from each other, as the 
suggestions of Dr. Kopeliowitch and Mr. Brown would 
entail. The accepted operating-duty cycle (which is 
intended to represent the use of the circuit breaker 
in service) definitely combines the effects of the three 
duties on the general behaviour of the circuit breaker 
by specifying that they shall be carried out consecutively 
on the same test circuit, and therefore necessarily all at 
the same applied or rated voltage, and all with the same 
number of phases in the circuit. 

After a circuit breaker has been closed on a short-¬ 
circuit, it carries the short-circuit current, and is there- 
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fore still subjected to heating and electromagnetic effects; 
and Dr. Kopeliowitch and Mr. Brown agree to include 
the d.c. component in expressing the making current, 
because it measures the effects of carrying the current. 
But a circuit breaker just about to break a short-circuit 
has also to carry the short-circuit current from its 
incidence up to the moment of contact separation, and 
is therefore subjected to similar heating and electro¬ 
magnetic effects of current-carrying. The obvious con¬ 
clusion is that since the d.c. component is included to 
measure the effects of carrying current during making, 
it is equally logical to include it to measure precisely 
corresponding effects during breaking. If the breaking 
current is expressed without taking into account the 
d.c. component, as Dr. Kopeliowitch and Mr. Brown 
propose, the same value would have to be given to a 
symmetrical breaking current as to an asymmetrical 
breaking current having the same a.c. component; but 
the asymmetrical current, in service or in a test, would 
impose a more severe duty on the circuit breaker, both 
by reason of the additional mechanical forces produced 
not only before separation of the circuit-breaker contacts 
but also during the arcing period, and because of the 
increased rate of generation of gas in the arc bubble 
during the major half-cycle, although the total amount 
of gas developed may be approximately the same as that 
generated by the symmetrical current. 

Dr. Kopeliowitch and Mr. Brown wish to omit the 
d.c. component when calculating the breaking current, 
because they claim that it assists arc extinction. I 
agree that arc duration may be shortened, particularly 
at medium and low voltages, because the effect of 
as 3 mimetry tends to neutralize the effect of low power 
factor in promoting the re-establishment of the arc in 
successive half-cycles; but shortening does not always 
take place, and if it does not the effect of the d.c. com¬ 
ponent cannot be relied upon as an easement in 
compensation of the additional severity imposed by an 
asymmetrical short-circuit in the other respects referred 
to above. Judging from the actual behaviour of a large 
number of oil-immersed 3-phase circuit breakers tested 
under various conditions of power factor and asymmetry, 

I have found that whereas the stress is considerably 
greater at a low power factor than at a high power 
factor, asymmetrical currents do not in practical behaviour 
show the easement claimed by Dr. Kopeliowitch and 
Mr. Brown. 

The British standard power factor is 0*1 lagging, 
which imposes a much more severe condition in respect 
of arc extinction, and is in consequence a safer standard, 
than the power factor of 0* 3 lagging recommended by 
Dr. Kopeliowitch and Mr. Brown. Such higher but less 
severe values can only exist at circuit breakers situated 
at some distance from the power-supply source, where 
considerable resistance has been introduced into the 
circuit by the connecting cables or lines, whereas the 
intention is that the proposed standard circuit shall; 
correspond in power factor to that of a short-circuit 
in close proximity to generating plant. 

If the d.c. component has a value of 30 per cent of 
the R.M.S. value of the a.c. component, the R.M.S. 
resultant of the a.c. and d.c. components is only 4 per 
cent greater than if the d.c. component is neglected. 


This means that, in respect of its thermal effect on a 
circuit breaker, a d.c. component of less than 30 per 
cent is of no practical importance; but it does produce 
electro-mechanical forces approximately 1*5 times as 
great as those produced by the a.c. component only; 
and there is also a distinct modem tendency towards the 
use of more nearly instantaneous protective gear and 
circuit breakers, which operate when the d.c. component 
is considerably greater than 30 per cent. It is for these 
reasons that the International Electrotechnical Com¬ 
mission, in Preliminary Recommendation No. 6 for 
Breaking Current, given in their Publication No. 47, 
advise that, when the breaking current is calculated 
from the a.c. component only, the d.c. component 
of the breaking current shall not be higher than 30 per 
cent of the R.M.S. value of the a.c. component,'' and 
state that the measurement of the breaking current by 
the a.c. component only " does not provide for circuit 
breakers for use under conditions in which there is a 
larger d.c. component." Contrary to Dr. Kopeliowitch 
and Mr. Brown, I read Preliminary Recommendation 
No. 6 as indicating that there is to be further considera¬ 
tion and definition of how the current shall be measured 
when a larger d.c. component than 30 per cent is present 
in the breaking current of a fast-acting circuit breaker. 
Direct-current components undoubtedly exist under 
modem service conditions with quick-acting circuit 
breakers, and have definite effects. Hence, since that 
which exists should not be neglected, my preference is 
in favour of including the d.c. component in the measure¬ 
ment whenever it is in fact present in the current. 

(g) Calculation of Scvvicc Short-Circuits and Selection 
of Circuit Breakers .—Current measurement has been 
chosen as the criterion, because it is, of all methods, 
the one most suitable and convenient for expressing all 
the quantities that must be represented; that is to 
say, not only the results of short-circuit tests, but also 
ratings of circuit breakers assigned from such tests, and 
values of service short-circuit currents calculated from 
the actual constants of a network, so that a suitably- 
rated circuit breaker, with whatever factor of safety 
may be desired, can easily be selected after a few simple 
calculations. B.S.S. No. 116-1929 does not; specify 
how circuit-breaker ratings should be selected, and I 
think that, although I decided when writing the paper 
not to discuss selection, it would, after all, have been 
helpful if I had included, in association with the proposals 
for standardized short-circuit tests, the rules that I have 
used for many years for calculating service, short-circuits 
and for the selection of ratings, all of which are based 
upon current values at the given rated voltage. I now 
put these forward in Appendices V and VI below. It is 
. very helpful to find that Dr. Kopeliowitch and Mr. Brown 
have also formulated a scheme with a similar aim in 
view, although it is expressed in different terms, and the 
point to be settled is whether their method, or the one 
set out in my proposals, is the more suitable and con¬ 
venient for its purpose. The essential differences between 
the two are concerned with the measureiRent of current 
and with the way in which voltage is regarded; but, 
properly used, they should both lead to the selection of 
circuit breakers having the same physical properties for 
a given set of actual service conditions, provided that 
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the same margin of rating over the service short-circuit 
is allowed. 

Let us first consider the problem of selection on the 
basis of the Appendices, taking as an example the results 


was less than the maximum output of the plant), decre¬ 
ment, power factor, and other relevant characteristics, 
to the plant to which it was subsequently to be connected 
in service, except that the neutral point was insulated 



Fcg. CC.—Diagram illustrating the relationship between (a) performance tests and assijrned circuit hrAaii-A,. 


Service Short-Circuit Currents, 


A-Ip-Ai * 


I s» Typical envelope of peak values of service asymmetrical short- 
circuit currents, determined from the arithmetical sum of the 
a.c. and d.c. components. 

“ *=Typic^ curve of R.M.S. values of service asymmetrical short- 
<^uit currents, determined from [(AC/V2)2 + DC*]. 

■«Typical curve of R.M.S. values of service symmetrical short- 
circuit currents. 

At Incidence op Short-Circuit (Z-Z). 

* Maximum symmetrical alternating current in R.M.S, amperes 
te. service synametrical diort-drcuit current. ^ * 

At Instant op Maximum Short-Circtht (M-O-M). 

. «Pe^ ^ue of maximum asymmetrical , current, i.e. service 
asy^eta(^ short-pcuit current, determined from the 
arithmetical sum of the a.c. and d.c. components. 

« Maldng-cuirent ra^^ 

» P«tformance maWng-cuirent. 


... ojbparation (G-q-G). 

GiGi-G,Gs - Ti^^M^thin which instant ol contact separation G-0-0 

- R.M.S. value of service symmetrical breal^ 

-“Wdotennlncdfrom 
^Ihp- Pc^a^cc2^^^^„^^t in R.M.S. aatpcres, deter»incd 

The distence between 2-Z and M-O-M represents the time remilred 


of Test No. 672B in relation to tlie conditions under which 
the tested circuit breaker (of a British standard rating 
of 1000 000 kVA) was to be usM. It was connected for 
Its test to generating plant adjusted to be equivalent 
m short-circuit output (whidi, as Test No. 419 indicates 


during the test, whereas in service it was to work under 
the less severe condition of resistance-earthing. This 
obviously esteblished the suitability of the circuit breaker 
for its duty in service; but the question arises: In what 
terms shall its performance and rating be expressed so 
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that they may be simply compared with its predeter¬ 
mined service rec^uirements ? The circuit breaker was 
selected, on the basis of the proposals in Appendices I, 
V, and VI, for its ability to make, carry, and break, the 
specified currents at its rated voltage under the prescribed 
conditions of severity. The various currents were arrived 
at in the manner shown below, and Fig. CC has been 
prepared in order that the relationship between them, 
in accordance with the proposals, may be more clearly 
understood. 

(A) Service Conditions (Appendix V). 

(1) The service symmetrical short-circuit current at 
the incidence of short-circuit (J^) is 

Ig = 6 300/(^3 X 0-0495) 

= 73 500 R.M.S. amperes [^Appendix V (i)j. 

(2) The service asymmetrical short-circuit current at 
the incidence of short-circuit (J^) is 

= 1 • 8 X 's/ 2Ig 

= 187 000 peak amperes [Appendix V (ii)j. 

(3) The service short-circuit kVA is 

73 500 X ^3 X 6 300 

= 800 000 kVA [Appendix V (iii)]. 

(B) Ratings of Selected Circuit Breaker 
(Appendix VI), 

(1) The rated breaking current (Ijj) is the current in 
the 6-6-kV column of Table IV of B.S.S. No. 116-1929 
greater than 73 500 amperes (Ig), namely: 

/ft = 88 000 R.M.S.. amperes [Appendix VI (i)]. 

(2) The rated making current (/^) is 

~ 1*3 X 2/ft 

= 224 000 peak amperes [Appendix VI (ii)j. 

(3) The nominal kVA rating is 
88 000 X X 6 600 

= 1 000 000 kVA [Appendix VI (iii)J. 

(C) Performance of Selected Circuit Breaker 
(Tests Nos. 419, 421, 549, and 572B). 

(1) The performance breaking-current (/ft^) is: 

Average from Test No. 572B (referred to by Dr; 
Kopeliowitch and Mr. Brown) 

97 000 R.M.S. amperes [Appendix I (vi)]. 

(2) The performance making-current (/^j,) is : 

Maximum from Test No. 419 (Test No, 572B did 
not include a ** make *') 

257 000 peak amperes [Appendix I (v)]. 

(3) The performance kVA is: 

From Test No. 572B (refeixed to by Dr. Kopeliowitch 
and Mr. Brown) 

(a) Ibp X \/ Z X 6 600 

«= 1 100 000 kVA [Appendix I (ii)]. 

W hp X V 3 X 3 300 

== 1060 000 kVA [at applied test voltage] . 


The references above, so far as they relate to actual 
tests, have been to Test No. 572B (except for the “ make 
test in No. 419), because this test was particularly men-* 
tioned and used by Dr. Kopeliowitch and Mr. Brown. 
An inspection of the other results stated in Test No. 419 
will show that the circuit breaker is capable of dealing 
with considerably higher breaking currents. In accord¬ 
ance with the proposals, all the values given in (A), 
(B), and (C) above include whatever d.c. component is 
present. As a matter of interest, if the d.c. component 
is eliminated from the breaking current (I^p) in (C) (1), 
the remaining a.c. component is 81 500 R.M.S. amperes, 
averaged over the three phases; and this is to be com¬ 
pared with the 73 500 R.M.S, amperes (/g) of the service 
requirements shown in (A) (1). Further, it may be men¬ 
tioned that although the power factors recorded in the 
test figures are all 0-1, they are given as round figures 
to indicate compliance with the proposed test conditions, 
the actual values being lower. In Test No. 572B the 
exact value was 0 • 07. 

If, instead of following the proposals in Appendices I, 
V, and VI, the calculation of the service conditions, the 
ratings, and the performances, had been done in accord¬ 
ance with the method advocated by Dr. Kopeliowitch 
and Mr. Brown, namely, that of using the a.c. com¬ 
ponent of the breaking current and the recovery voltage, 
it is obvious that, for the same factor of safety, precisely 
the same circuit breaker would have been selected, 
although on paper its rating would have a different 
value, because—and merely because—of the different 
units used. The method is not so simple as the previous 
one, since it is necessary first to ascertain, from general 
knowledge of the approximate rating to be used, what 
will be the intervals of time both between the incidence 
of short-circuit and the instant of contact separa¬ 
tion and between the incidence of short-circuit and 
the instant of final arc extinction, and what will be the 
decrement of the short-circuit, at the point where the 
circuit breaker will be used, for the plant and network 
under consideration; and then to predetermine, from 
the shorter interval and the decrement, the lower value 
of short-circuit current at the instant of contact separa¬ 
tion, and, from the longer interval and the decrement, . 
the value of recovery voltage at the instant of final arc 
extinction. 

The circuit breaker under discussion was one of a 
number to be used, according to common British prac¬ 
tice, with Merz-Price instantaneous protection on the 
generators, transformers, and feeders to which they were 
to be cormected. This implies the breaking of a con¬ 
siderable d.c. component in service because of the power 
factor, which would be of the order of 0*05 lagging; 
but Dr, Kopeliowitch and Mr. Brown demand that the 
d.c. component shall not exceed 30 per cent of the 
R.M.S. value of the a.c. component; and if this is to be 
complied with it involves deliberate interference with 
normal operation by the introduction of a 50 per cent 
increase in time lag. This is an entirely artificial con¬ 
dition; but, even so, if all the values of current and 
voltage chosen and calculated are in accordance with the 
circumstances, the result, as has been foreshadowed 
above, must be the same as that of the simpler method 
already descfibedV Because of the numerous factors 
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influencing the resultant shape of the shortH'ircuit ilecrtv 
ment, it is very difflcult to ascertain the nHjuisite valutas 
with accuracy; and this is one of the difiiculties uf ilw 
method, illustrating its unsuitahilitv as a basis for the 
establishment of standards, 'i'he values of service cur¬ 
rents, etc., arc set out below so as to c(HTes|uHiii with 
those given in the example of the i»tlu*r iiudhod, in 
order to afford a simple means of drawing eoiudusams. 

(1) The service symmetrical sliortHircuit current at 
the instant of contact separation is 

(0-8 X 6 800)/(y'3 X 0-040a) - atM)00 K.M.S. am|ieres. 

(2) The service asymmetrical sliort circuit current at 
the incidence of short-circuit is [as in (A) (2) of Hit* 
method] 

187 000 p<‘ak amperes. 


(3) 'lliC service recover)’ voltage is 

0-8 X (1300* rj040 R.M.S. volts. 

(4) 'I'he service short-circuit k\'A is 

aOOOO X x/3 X 5 040 ^ 512 000 hV A. 

This last value, which is not realiv h\ has n, 1,,. 
compared with the 8(M>tMH> kVA Kiveii in the caihcr 
(A) («t), and tlie ^(^I^itlo^ hctween tin* twn is simply that 
612 000 is 0*8 X 0*8 X 800 000. This may appear tfi 
be a simple numerical relation; l»ut it is actJially om- 
with no physical meaning, becuiise, altlioiii;h Hfioyott 
represents true circuit kVA by virtue of if., hfiiig ,, 
product of simultaneous values of e.m.f. aiitl i iirif'iit, 
512 000 is derived from nou-simuitaneous values. It ha ’ 
already heen said that the metluid of f)r. Kti|H-Iirnvitt It 
and Mr. Brown is an unsuitabl.! basis for the e:,tal.li ft. 
ment of standard ratings; and the fm f th;tt it .li pemi:, 
upon variable inultipHers tierived from transifitts. whit h 
cannot be accurately known beforelianti is fmihet 
evidence of this. Even if 612 OOt) Imd pf,y ,i. .il mean. : 

Footkote T(» Appl-NUtf'l-S 

ATote.—Like the earlier Appeiidi.v I. these new Ain.e»r 
dices arc intended to give g„i,lance on a ...nventent ^ 
standard basis. It is obvlou.s tliat at anv partiruliit > 
position on the .system under consideration tin* t-tm. ' 
ditjons may be modifitid by easenumts o, aggravations i 
of various kinds; and sidection may Iiave to Ih- roire- ? 
spondingly modified in the directiori of efratsine a ' 
.smaller or a larger standard rating than won hi have ( 
been chosen for the standard conditions 
Possible Eusmnents.-^Wimi we have ascertained a ! 

pamper, and have icssigned definite standard ratinu.s it ^ 
will be |K)s.sible to compare condition;, of sirvice^with i 

con'yf^^ and .some of the ' 

coiid tion.s that may allow smaller ratings to be sekrl -d ! 
are given here a.s suggestionsi^ s.iw u.t 

(«) Certain positions on the, network mav have a A 
power factor than that of the stanLd teE | 

ib) Certain positions close to plant may have a I 


! ing. instead of being only apirarent kVA, all that it 
; would im.an would be that Dr, Kopcliowitcl. and Mr 
. -''‘-'vr* are iwng a measuring rod graduated in nnit,s 

; 1-..I. Unte.s the si/e ,d mine; and .such a ditterenco 
: •^mno, cfrtnge phvMcal facts. Prom the co.npanso.r] 

. h.ive made between the two methods. I think it will be 
; ..Piiarent th.d the one bas,.d on the proposals in the 
Appendices is .,s logi.-.d as that of Dr. Kopeliowitch 
; .Old Ml, brown, and is more convenient than theirs 

i .?‘n-T‘‘ '"b, '‘•'t.v. In 

, 1 cMitjuu. it huh till,'' iiH’rit tif fiuiug simpler, 
j Ihe method of Dr. Kopeliowitch and Mr. Brown is 
; based u,,on v.„ ying time iidm vals ami decrement cliarac' 

: teii..ti, s, ami hence it i.s .linicidt to camceive how it can 
speciiv .tnv definite ratio of the making current to the 
: Itieakmg ciirrent, l-.videm e for this i.s rnntnined in the 
I.nietv of r.itioi Ijiioted by Ihem. On the other hami 
as |.,K , . shows, Appi ridix \1. t..ken in conjunction 
: dh Appendice;, I and V, ensures that the circuit breaker 

:.eiei.ted ha . .m .idcuuat.- inaking capacity, quite irre- 

sj lectn c< it anv t ime interval o n dirremcntch.iracleristics 
■ hecause there ... ,, detmife r.ctio between the specified’ 
v.cm,. of the m.ddii!,; i nrrent .iiid the Ineaking current, 

; '.lltncteidly high to c a icqioml to the lowest jiower factor 
; Ikely to oceur .d .mv lime. The gre.d advantage of 
j In. aiichormg of v.dm s of the ,„.dd»,.; cuneuts and the 
; break.m; mirtrnb. for any particular ca-a. is that a circuit 
breaker adequate foj- Us duty . an f..* selected a.s a result 
;■ <nillim» til al c.'d. ul.dion .4' the simjilest po.ssil.le 

i iind, in the same teiifi:i as are c.,mmteiT.i,iUv irsed to 
; .lescribe.de, t.K,dpl.mt ,4 .ill kimis. All th.d, is necessarv 
; to amvi'nl the minimum ■damlard kVA rating of the 
. r.n. nit lue.ik.-. te.jmi. d is to multiply tlie servita; short- 
I iicud k\ A bv Hin.ind to divide the prorjiiet l.y the total 
pere.id.me re.iciaiiee ,4 the |4atd ari.l ntdw.trk ui. to 
the jiornl at whi. li the . iienit bre.ikei is to be installed. 

I fiat i , to s.iy, HtiitHt k\ ,,f generating jilant with 
Mt |w f tent r. .i( l.inci requires HiiititHt kVA . in nit 
r >, 

V AM) VI (SI f: pAbb liOl). 

lower recoveiy voli.n-e than that of tJie stiuidard te.st 

sc) l.onger time lag may have the «H«t of lowering 
fhe rwpiiierl slioi t crretiif breaking t nireiit. .and in some 
iiedames ffor example, at the higher voltages) it may 
be |ios.sible to deal with the cunKetjuimt Jiigher ratio of 
1I.W.' rMakiiii* i-iirrrrut ikf- i-Jtfi.sikh'ig 

^ M may biLgivt‘tt: ■ 

by of ratr oi rkv o( ' 

for bv (he hwt iha- the tlie 

network i.K greater tiiati. ihut of ihe mrnlitd tmUmaht .-. 
fr- ^ • may 'he ;.rf.T.ltifa.!i| in jikicvis i.Tr:''ii.rir.lc*i‘ 

if} 1. Ilf! <’#perali.fig th.tiy triay be varied to afford ' 
an ; ff>r if making l.lie fsl'io.rtadr.ei.iit is' 

.dimirtaitiri in pravtke, 

.1 ronr.lit'i,cinB of earth i.i:ig t.n«iy he varied in practice, 

the .other, hand, thetxm-' '■■■ 
clitit:iti?* may he jaich that larger ratings have 
■Sidevted Iwia.rise of aggrayatimis of severity; ter exampl.e* 
the opfmsiti.LS of-those set .out-hi te) te-{fj''al)f-ive wdiiki' 

.htivertbis efliTTv ■ ' 
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APPENDIX V.* 

Proposals for Standardized Calculation of Service Short-Circuits. 

Specification Interpretation 

The maximum symmetrical alternating The fault shall be assumed to occur at 
current at the incidence of short-cir- the point that gives the maximum 

cuit expressed in R.M.S. amperes (Ig) short-circuit current through the circuit 

and calculated from: breaker and shall be determined on 

(a) Ig = F/(Phase factor x Z), where the basis of the. aggregate plant likely 

V = rated voltage, and Z = total im- to be connected at any time 

pedance, up to the fault, of the circuit 
connected through the circuit breaker. 

(&) Ig = (kVA rating of aggregate gener¬ 
ating plant X 100) - 7 - (percentage reac¬ 
tance up to the fault x phase factor x 
rated voltage) 

The maximum asymmetrical current The factor of 1 • 8 is chosen to represent 
after the incidence of short-circuit, a practical value of what is commonly 
expressed in peak amperes (Ip) and known as the doubling " effect 
calculated from ij, = 1 • 8 x 

Ig X phase factor x rated voltage A term of convenience that enables the 

short-circuit to be expressed on the lines 
of Clause 46 of B.S.S. No. 116-1929 in 
the same terms as the ratings of genera¬ 
tors, transfonners, and circuit breakers, 
so that they may be directly compared 
with each other 

APPENDIX VI.* 

Proposals for Standardized Selection of Circuit-Breaker Ratings. 

Item Specification, Interpretation 

(i) Selection of a breaking- A standard current-rating (J^), chosen The specification is arbitrary, but is 
current rating from Table IV of B.S.S. No. 116-1929, conveniently practical, because the 

not less than the service symmetrical short-circuit characteristics of average 

short-circuit current (Ig) provided generating plant are such that, if the 

that the time interval between the time interval between the incidence of 

incidence of short-circuit and contact short-circuit and contact separation is 

separation is of the order of 0*1 sec. of the order of 0*1 sec., an as 3 rmmetri- 

cal short-circuit has usually become, 
during that interval, approximately 
equal to or less than the service sym¬ 
metrical short-circuit current at the 
incidence of short-circuit 

(ii) Selection of a making- A rating (I^) not less than the service It is obvious that the specification applies 

current rating as 3 mmetrical short-circuit current universally, since it is impossible to 

(/^) and calculated from avoid*‘making-*theservice asymmetri- 

I^:=:: l-S x \/^Ib cal short-circuit curreut 

(iii) Selection of a nominal The standard kVA rating, chosen from A rating of convenience that enables the 
kVA rating Tables III and IV of B.S.S. No. 116- size of a circuit breaker to be de- 

scribed in the same terms as the sizes 
current rating (Jj) at the rated vol- of generators and transformers, so that 

tage and with the appropriate phase they may be directly compared with 

factor, and therefore not less than the each other 

service short-circuit kVA 

* See **Footnote to Appendices V and VI *’on page 660. 


Item 

(i) Calculation of service 
S 5 rmmetrical short-cir¬ 
cuit current 


(ii) Calculation of service 
asymmetrical short- 
circuit current 

(iii) Calculation of service 
short-circuit kVA 
















DISCUSSION ON -METAL-C1.AD SWlTCHGi^AK. AU lOMAl'iC IM^O'J lii TIOX, J{T( 


APPENDIX VI1. 


Method of Obtaining Tin-; FAcrnK 

Asymmetrical Phase of a SimKT-i'na ri r from 
AN Oscillograph Record. 


The method is ba.sed on tlie fiu t; tli.it ilu? il.r 


has the general form 


where 7^ is the value of the d.i;. eumiKnu nt at anv^ 
instant t, measured in seconds from tin; incideiici^ nf tlu; 
short-circuit; 7^^ is the value of tla* d.c.. cmnponc ut 
at the incidence of the short-circuit; L is the 
inductance of the whole circuit, in hemirs; li is i]jr 
effective resistance of the whole circuit, in (^Inus; 7//,* 
is the time-constant of the whole circuit:, in stTcuids; 
and e is the base of Napierian logaritliius. 

The procedure for arriving at the \alue »»t tlu* pi>wer 
factor is as follows: 

(1) First determine Lilt by dra.vvin !4 in, on an asym¬ 
metrical short-circuit wave, the curve of the d.c, com 
ponent, and obtaining from it the time const.mt Lf It 
by any of the usual methods. Two of these nietht »ds are 
referred to here as examples, namely: 

{a) Determine the ratio la/Ido \><nnt /. and 

read off, from a published table* of values of c the 
value of X that makes equal to this ratio, ‘l liis 
value of X is equal to lUJL. and so tla? time-constant 
L/R in seconds is given by dividing t by x, 

contained in many i.e.oks oi i4>ys:.at .mU uuxUnu,^^u.^ 



OO l>t: 

briiii’ 

if llif v: 


,*m • S per 

ccf if 

'■f !.Hv 

AX 

. CfinMam. 

/.//;. 



In \ i 

•■u Mi M 


r'ojilp'»!!»• 

ui iM 

t {i'.o\ n 


' dire.'i tl\' , 

as a 1 

cu’-iit .1,1 

;u - 

the 

j uf 

f’.fial ri 


poml in .uV.*r t.. eliiiiinat,- auv smai} rrrurs. Ih-nce 

; cO is prvh'tablr ..n thr sc.uv- nf aevuraev to 

^ uc‘t!aid im, wln.a, ,hu-s UMt allow ihis to |m- <lone. ‘ 

I ^ (Ili loom hnmd in (p alnn-r, <'ak:ul;iie XfR 

] v//,* 

: ui.-ir <•> 1>-.T ItK. iirijii.-m v ..f Mi,. , ,r,i,jt tlio 

.. m iT.-.m .V///, iii, pj. ralnilatc the 

i.u i,.. ,,i' |i„- a.v:i.!iu (rK.,,l ph., tn,.:, 

; t:. ir„/, , ii,.,. 

: Uh,-n .Iiic j.h.ist: of ,1 ;{ ph.iKc .-.iiMcl riiniit IS sym- 

; ••’■■'-M.-al. th.' ..ti„.r t,v.. !,..vc d.-um-s' of 

; asyaiiocdrs-, :tiid tii,; pvnv.T f.irtnr ,.t ,Mrii Micsi- two 
to.iy Ilf t.tiicn, wjtli ;i rcsi.siut.d'lf di'gi'ft,- of 
•l.TUr.li'V, IIS till- IfnVfr f.ultic ,,)■ tflr. pi.lvpliiysu Ifst 

■ III i!it. In ,ill i.tii.-r r.iHf;, till’ .siund, circuit hits 

.f.voiniftrv .if varyiti',; d.-Mve iu all the Miiw pl,;tM,,s. 
It r. Miiis f,;„. Mil- |.n'4t luajurity Hi sliort- 

• iivuil t.i .liit.iili th<- value i.if ,/, [ tati(A7,A’)l for 

cat h ..1 the thre- and so, l.y t.dam; t!i.; cmine . 

• tl tli.r av,-r..,t;c of il,c thna- aiisMcs, lo arnv at tin: value 

the pnurj iaetdU- fit thr- pofyphaic tesi circuit, as 
dehncii in Proposal (viii) (/i) of Appendix f. 
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SYMMETRICAL COMPONENTS, AND THEIR APPLICATION TO 
THE PHASE CONVERTOR.* 


By Professor F. M. Denton. 


[Paper received November, 1931.) 


Summary. 

The object of the paper is to explain in common-sense terms 
the method of calculation developed in 1918 by Mr. C. Le 
Ge3rfc Fortescue and generally known as the method of sym¬ 
metrical components. 

This method shortens and simplifies the solution of problems 
of unbalanced polyphase systems. It has made practicable 
the calculating board by which such problems may be solved 
automatically. 

In order to demonstrate its wide usefulness, the method of 
symmetrical components is here used in an explanation of the 
action of the phase convertor. 


Introduction, 


Problems of polyphase systems may be solved as 
simply as those of single-phase systems, provided the 
systems are balanced. Unbalanced systems, on the other 
hand, present problems whose solution by the ordinary 
methods demands a long and tedious application of 
complex numbers and determinants. In small systems 
such problems are seldom important, but in large 
systems they are of great importance, as a heavy 
short-circuit on one phase may disturb every part of a 
large system. To predict such disturbances is not 
easy; yet it is essential to prepare for them and to limit 
their possible magnitude. 

In 1918 Mr. C. Le Geyt Fortescue read before the 
American Institute of Electrical Engineers f a paper 
entitled Symmetrical Components," describing his 
simple and complete method of attacking the problem 
of unbalanced polyphase systems. A discussion of that 
method, with actual examples, was given in 1928 by 
C. F. Wagner and R. D. Evans in Electric Jmmah% 
The present paper is intended as an introduction to the 
Fortescue method. 

In order to show its general usefulness the method is 
applied in an explanation of the phase convertor, a 
machine the discussion of which in textbooks seems to 
have been neglected. 

In order to evolve the method of symmeteical com¬ 
ponents by common-sense reasoning, it is necessary to 
recall the following familiar conceptions of electrical 
theory, / 

The Rotating Magnetic Fiedd. 

Nikola Tesla's invention of the inductipn motor 
brought into prominence the rotating magnetic field. 


eommittee invite written commimicatiojas, for (jonsideration 
Si? publication, on papers published in the /owrmr without being 

(except those from, abroad) should ^leach 
Institution not later t^n one month after publication of 
*0 which they relate. 

I American I,E,E„ 1918, vol. 37, p. 1027. 

+ Journal, 1&28, vol. 26, p. 161. 


The stator of a 2-pole 2-phase induction motor h as 
two mutually-perpendicular windings, A and B, as 
indicated in Fig. 1(a). The currents in A and B are 
represented vectorially by I a and h in Fig. 1 ( 6 ). The 
resultant m.m.f. and flux due to and J 5 are constant. 
The flux produced is diametrical (bi-polar) and rotates 
synchronously. Whether the flux rotates clockwise or 



counter-clockwise depends on whether leads or lags 
relatively to/ft. 

This simple case is easily understood by the ordinary 
vector method. A picture still more clear can be had 
by using the notion, attributed to Ferraris, that any 
sinusoidal single-phase field with its axis fixed in space 
may be thought of as the resultant of two equal d.c. 
fields of constant strength rotating synchronously in 


fa 


Fig. 1(6). 

opposite directions. Thus the vertical a.c. field of Fig. 
2 (a) may be imitated precisely by a pair of bar magnets 
[Fig. 2(&^^ in opposite directions about the 

fixed centre O. 

The stator of Fig. 1 may be replaced, in principle, by 
two such coils as that of Fig. 2(a) set mutually per¬ 
pendicular, as in Fig. 3(a). Both coils are fixed in space, 
A producing a horizonmi and B a vertical a.c. field. 
If Idle alternating currents in A and B were in ph^e we 
should have Fig. 3(a) equivalent to Fig. 3(5), and this 
would represent not a rotating resultant field but a 
single-phase a.c. field inclined along OP. 







664 DENTON: SYMMETRICAL COMPONENTS, AND THEIR 


Of course, in the 2 -phase motor 7^ and J 5 are in 
quadrature, so that at the moment when the magnets 
equivalent to coil A are as in Fig. 3(c) those equivalent 
to B are as in Fig. S(d). Superimposing these two pairs 



Fig. 2. 


of magnets gives Fig. 4. The fields of two of the magnets 
in this group cancel each other, and those of the remaining 
two assist. The two that cancel rotate together and 
continue to cancel each other; the two that assist rotate 


<=Kb 


Fig. 3(a). 

together and continue to assist, forming a synchronoxisly- 
rotating field of constant strength equal to the maximum 
instantaneous strength of either single-phase coil A or B 
acting alone. 

The rotation is counter-clockwise. Had the phase 



Fig. 3(&). 


order oi la and Ib been reversed the rotation would have 
been clpckwise. In common-sense considerations of 
polyphase sy^ems this method of Ferraris is helpful 
and very simple. 

The case just examined seems like a. perversion of 


simplicity, for we have taken a simple rotating field and 
analysed it into four superimposed rotating fields. 
It is given in order to illustrate the point that the number 
of rotating fields into which one rotating field may be 



Fig. 3(c). 


analysed is arbitrary. If desired, the diametrical 
rotating field may be analysed, for instance, into 24 
superimposed rotating fields. For, as is well known, 
the diametrical rotating field of Fig. 1 may also be 
obtained by using, say, a ring winding tapped at 4 points 



Fig. 3(d). 


and supplied with 2 -phase current, or tapped at 24 points 
and supplied with 12-phase current. The vector 
diagram of current for this case is shown in Fig. 5. 
The. effects of each of the 12 currents OA, OB, etc., can 



Fig. 4. 


be imitated by a pair of bar magnets rotating oppositely. 
In all there will be 24 bar magnets, certain pairs of which 
will cancel, while others will mutually assist, the net 
result being one single diametrical (bi-polar) flux rotat¬ 
ing synchronously. 



Fig. 5. 


In the theory of symmetrical components it is usual 
to speak of such component rotating magnets, m.m.f.’s, 
current groups, or voltage groups, as of ** positive 
sequence or " negative sequence,according as they 
rotate clockwise or counter-clockwise. 
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Three-Phase System Regarded as Two-Phase. 

Where the open-delta connection is adopted, if one 
unit in a delta-connected 3-phase bank of transformers 
bums out it may be removed, and the remaining two 
transformers of the delta bank can maintain the proper 
3-phase line voltage and continue to carry a considerable 



3-phase load. Similarly, if one phase of the winding of 
a 3-phase delta-connected generator should burn out the 
machine may continue to run on open delta. 

Now an open-delta winding has only two phases, 
the phase diiference between the windings ^being. 120®, 
instead of the 90® used in what are commonly known as 
2-phase systems. This fact makes unnecessary any special 
proof of the legitimacy of the well-known 2-wattmeter 
method (see Fig. 6) of measuring a 3-phase load (balanced 
or unbalanced). From an inspection of the figure it is 
obvious that measures the output of phase A and 
Wg that of phase B. The input to the load is the output 
of the generator and so must equal (TT^ -f due 
respect being paid to the fact that on low power factor 
one wattmeter may read backward. 

Phase-Sequence Indicator for 2-Phase System. 

A well-known method for finding the phase sequence 
of a 2-phase system is to use the simple star network of 



Fig. 7. 


Fig. 7. If the direction of rotation of the generator is such 
(we will call it clockwise) that phase A attains maximum 
instantaneous positive voltage earlier in time than B> 
the vector diagram is as in Fig. 8(a). Reversing the 
direction of rotation gives Fig. 8(5). The usual counter¬ 


clockwise rotation of vectors is retained in all the 
diagrams, without regard to the direction of rotation of 
the generator. The current in the ammeter M of the 
phase-sequence indicator is the difference between the 
current in phase with F« {R being an ohmic resistance) 
and the current (C being a condenser of R ohms 
reactance) leading Vi, by 90®, as in Fig. S(c), Thus the 
ammeter takes zero current. 

Reversing the direction of rotation of the 2-phase 




Fig. 8. 

generator gives the diagram shown in Fig. 8(ii), the 
ammeter current then being the vector difference of 
and /<.. The ammeter reading is twice as great as it 
would be if the ammeter in series with R were joined 
like a voltmeter across one phase of the generator. 

Phase-Sequence Indicator for 3-Phase System. 

The 2-phase indicator just described may be made 
suitable for a 3-phase system by joining the ammeter 
at a properly-chosen point along R instead of at the 
junction of R ahd C. This is shown in Fig. 9, in which 



and are two sections of the ohmic resistance R. 
The point P must be so chosen that 




(r^Cto) 


= tan 60® 
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We then have the diagram of Fig. 10. The ammeter 
takes the vector difference of a current Ir^ in phase 
with the voltage between lines “ a and “ c/' and a 
current leading the voltage between lines ** c and 
b " by the angle 

arc tan 1 = arc tan (— 

Kr^J Kr^Co)/ 

where a> = 27r x frequency. 

To fix ideas let us imagine the 2-pole 3-phase generator 



" positive phase-sequence/" while the lower one indicates 
negative sequence. 

The introduction of transformers makes it possible to 
have a zero reading instead of a ** higher reading. 
The phase-sequence indicator, with its ammeter, is 
shown on the right in Fig. 13. Its action, which is the 
same whether the line be joined directly to A, B, C, 
or at the terminals a, b, c, of the transformers, depends 
upon the fact that the ammeter takes twice (say 21 
amperes) as much current for positive sequence as for 
negative. If, however, the secondary connections of 
one of the transformer^^ be reversed, the reading will 
be zero for positive sequence and 1*7321 for negative. 
The reversal of one secondary has caused the ammeter 



connected as in Fig. 11, producing, for clockwise rota¬ 
tion, what we will call “ clockwise ” or ** positive 
phase-sequence. The N pole sweeps across the phases 
of the winding in the order A, B, C, so that the e.m.f. 
in phase A leads that in phase B, and B leads on C. 
We thus have, for clockwise rotation, the vector diagram 
of Fig. 10; and for counter-clockwise rotation that of 
Fig. 12. 

For clockwise rotation the ammeter reads the vector 
difference (Fig. 10) of and la-, the magnitude of which 



is i.e. 21^, With the field rotation reversed, the 
vector diagram is as in Fig. 12. The N pole sweeps 
across the windings in the order A, C, B, so that the 
voltage vector OA leads on OC, and OC leads on OB. 
The current leads by 60® the voltage BC which sends it. 
The ammeter reads the vector difference of and 1^, 
which is equal in magnitude to or Thus reversal 
of rotation has halved the reading of the ammeter. 
With this form of star network we have to choose 
between two readings, one twice as great as the other, 
the higher reading indicating what may be called 


to read, for either sequence, the vector sum of In and 
Ixf instead of the vector difference. Should it be 
desirable to make the instrument read zero for negative 
instead of positive sequence, it is necessary only to 
interchange two of the leads A, B, C. 

When no transformers are used the reading of the 
sequence indicator is proportional to the line voltage. 
If, for instance, for the sequence of Fig. 10 the ammeter 
reads 1*3 amperes, the value of being, say, 125 ohms, 
then the line voltage must be given by 

(1*3 X 125) 

2 

We assume the impedance of the ammeter to be neg- 


A 



ligible compared with 125 ohms, and remember that 
only half the current (i.e. half of 1 * 3 amperes) flows in 

Superposition OF Two 3-Phase Current Systems 
HAVING Opposite Phase-Sequences. 

Two 3-phase generators rotating synchronously in 
opposite directions with their windings joined in series 
would give a 3-phase line voltage containing a positive 
and a negative phase-sequence. Such a system would 
send into a load two sets of currents, namely a positive- 
sequence set and a negative-sequence set. If a pair oi 
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phase-sequence indicators were connected across the 
line, one with its terminals joined a to A, b to B, and 
c to C (a, b, c, being the terminals of the indicators), 
while the terminals of the other were joined, say, a to 
A, b to C, and c to B, they would give readings pro¬ 
portional respectively to the e.m.f.’s produced by the 
two generators. 

The case of two similar, equally-excited generators 
coupled together and having opposite rotations and 
therefore opposite phase-sequences, is interesting. For 
if we look endwise along the shafts we see a picture such 
as Fig. 14t{a), in which what now appears as one single 



winding constituted by the two stator windings, is 
acted on by two oppositely-rotating fluxes. These two 
fluxes are equivalent to one vertical a.c. flux, and the 
system is thus a single-phase system. Across AC we 
have an a.c. voltage, and B is a point midway in potential 
between A and C. Diagrammatically the connections 
are as in Fig. 14(6) for the positive-sequence indicator, 
and as in Fig. 14(^^) with A and C interchanged for the 
negative-sequence indicator. The two indicators give 
equal readings. 

This extreme case in which our so-called 3-phase 
S 3 ^tem contains negative-sequence currents actually 



equal to the normal positive-sequence currents, is one 
of maximum possible unbalance. Unbalance on a 
3-phase system is produced when a single-phase load is 
taken in addition to a balanced 3-phase load. The case 
of extreme unbalance occurs when the 3-phase load is 
zero and the whole load is single-phase. 

Less serious unbalance is caused when the load is 
equivalent to a large positive-sequence current added 
to a small negative-sequence current. For instance. 


the unbalanced 3-phase set of currents shown by the 
unsymmetrical delta of Fig. 15(^) may be analysed into 
the large positive-sequence component of Fig. 15((aj) and 
the smaller negative-sequence component of Fig. 15(6). 
If Fig. 15(^) represented an unbalanced system of 
voltages it might be analysed into its components by 
means of two phase-sequence indicators. This analysis, 
though useful, would be incomplete. It would give the 
magnitudes but not the phase relationship of the com¬ 
ponent systems shown in Figs. 16(a) and 15(6). The 
question of phase relationship will be dealt with later 
by two methods, one graphical and the other mathe¬ 
matical. 

In order to use phase-sequence indicators for the 
analysis of systems of currents we must introduce 
shunts or series transformers, as in Fig. 16(^?). This 





simple arrangement has, however, the disadvantage 
that it is affected by zero-sequence currents, the system 
of Fig. 16(c?) acting in respect of such currents exactly 
as that of Fig. 14(a) does towards single-phase current. 
In practice, therefore, the analysis of an unbalanced 
system of 3-phase currents demands a network having 
a transformer in each of the three lines.* 

The Zero-Sequence Component. 

The statement made in reference to Fig. 4, that any 
polyphase system of currents may be analysed into 
rotating systems, is true and general, but it refers only 
to true polyphase systems. A true 3-phase system of 
currents must require three wires and no more. A 
4-wire 3-phase system is not true 3-phase; it is rather to 

* If desired, the ammeter M in Fig. may be replaced by a short-circuit, 

and the voltage across ?Q may be measured instead of the current at A. The 
current Jr is proportional to and in phase with the current in line while 
le is proportional to and in phase with the current in line “ 6.*' The voltage 
across PS is then in phase with J^, and the voltage across SQ lags by 60® on Jjj. 
Then if the 3-phase load should happen to be balanced (Ij. 120® out of phase with 
Jj), the voltmeter across PQ would give a high reading for one phase sequence 
aind zero reading for the reversed sequence. 




668 


DENTON: SYMMETRICAL COMPONENTS, AND THEIR 


be regarded as three single-phase systems with a common 
return conductor. 

It is possible to superimpose a single-phase current 
upon a 3-wire 3-phase system of currents in such a way 
that no resultant m.m.f. and no resultant flux is produced 
in the 3-phase machines on the system. Such a case is 
shown in Fig. 16, in which the earth current due to the 
e.m.f. injected at E divides equally between the three 
line wires, producing no resultant diametrical or inter- 
polar flux in either generators or motors. Such a 
superimposed single-phase current is called by Fortescue 


a voltage to earth it is called a zero-phase-sequence 
voltage. A voltmeter between neutral and earth measures 
the zero-phase-sequence voltage. 

The effect of the zero-sequence current is seen by 
reference to three current transformers with their 
secondaries in delta, as shown in Fig. 17. In addition 
to the 3-phase currents, probably unbalanced, in A, B, 
and C, there are the three equal components (all in 
phase with one another) of the earth current. These 
produce three equal in-phase voltages in the delta- 
connected secondary system, and set up a current 



a zero-phase-sequence ” current. It neither produces 
My rotating fields nor can its effect be anals^ed into 
that of paira of oppositely-rotating fields. It is in this 
^eme^non-inductive with respecf to generators Ind 

current (and this means, usuaUy, earth 
u^^^ phase-sequence. It need not, and 

,, ^ crishiate from such an external e.m f 

® " ’'«• “■ “ “ by 

if system. Howsver, 

e.m.f. causmg the earth current were at E 
ssy, we should stUl consider thet the earth 



-onld each S S te rS^'TSrlf‘oir 
Ime current and one-th^f j 
of currents left after 3-phase system 

■x from »«»■*>« 

^nenceindicatorswouldt£nSlvSinJ^t.°’? 

3-]^ase sets of opposite sequence. ^ balanced 

by the fa^cators are not affected 


circulating round the delta. This is the zero-sequence 
cuirent, and rt may be measured by an ammeter in the 
delte ^s m Fig; 17) or by an ammeter connected by 
sen^ transformers (as in Fig. 18). In Fig. 18 currents 
^all sequences flow in the secondaries of the three 
transformers, but the ammeter responds only to zero- 
s^uence currents. The zero-sequeLe currents ai^ Tn 

analysis.~The positive, negative, and zero 
phase-sequence components into which a pair of phase- 
sequence indicators analyses a system might to be 



supplemented by a knowledge of the phase relations . 
the components. Without that knowledge p£s ?r/ 
16 ( 6 ) cannot be properly combing. Fig l 2 

was an arrangement chosen at random 

hy^i^cJ^rrL^T!”? T ■» 'r 

b* "FTtechted ,* 

counter^doclterisc 
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The vectors OA, OB', and OC', are now strung together 
in series as in Fig. 20, and the resultant OC' divided by 
3 gives the radius of the positive-sequence component. 



To find the negative-sequence component the above 
procedure is repeated, except that the words clock¬ 
wise ** and counter-clockwise must be interchanged. 


Fig. 20. Fig. 21. 

The two stages of the procedure indicated in Figs. 19 
and 20 are shown in Fig. 21. The radius of the positive- 

VOL. 71. 


sequence component is one-third of OC', and its direction 
in relation to OA is as shown. The procedure for finding 



the negative-sequence component may be followed by 
reference to Fig. 22. 

The zero-sequence component is got by stringing 
together in series the given vectors OA, OB, and OC, 
as in Fig. 23, the value of the resultant OC being 3 times 
that of the zero-sequence component, properly related 
in phase to OA. 

Mathematical analysis .—^Before giving the theoretical 
justification for the graphical procedure outlined above, 
we may briefly consider the S 3 niibolic method of per¬ 
forming the same operation. 

The graphical process of turning certain lines through 
120® may be carried but S3mibolically by means of 
“operators." The most familiar of all operators is 
(— 1). When (— 1) operates on a vector of any magni¬ 
tude pointing due north, it turns it into a vector of the 
same magnitude pointing due south. The operator 



(— 3), in addition to turning a vector through 180®, 
multiplies its magnitude by 3. 




44 
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The well-known operator " j " turns a vector counter¬ 
clockwise through 90°. When j acts twice in succession 
it turns the vector twice through 90°, i.e. through 180°. 


Thus 

and 


i X .7 = - 1 

3 = Vi- 1) 


An operator containing numerals, -f and — signs, 
and iie S 3 mibol j, can be so chosen as to change the 
magnitude and direction of a vector in any desired way. 
Thus the operator which turns a vector through 120° 
counter-clockwise is (- 0-6 -f- 0-866^). Fortescue uses 
the symbol “ a ” for this operator. If the operator a 
acts twice in succession upon the same vector it turns it 
counter-clockwise through 240°, which is the same as 
turning it clockwise through 120°. The operators a 
and a are used in finding S 3 mimetrical components. 
For instance, a balanced star system of three equal 
voltages V. would be represented symbolically by 
V, o®r. and aV. Balanced 3-phase star or delta systems 
are easily dealt with, and it is convenient to have one 
brief symbol in place of F, a^V, aV. Fortescue uses 
the symbol S'-V. is thus an operator which turns 
one single-phase quantity into a balanced 3-phase 
system of positive sequence. Whether this be thought 
of as a star or a delta system is a matter of convenience. 

The operator produces a 3-phase set having clock¬ 
wise sequence. This is because it means; multiply first 
by 1, then by finally by a. It is called the 

"positive-sequence operator." Negative sequence is 
produced by the operator (1, a, a®), the symbol for 
which is /S®. 

To complete the system of operators, there is the zero- 
sequence operator which, acting on a vector, produces 
not a star or delta, but a set of three superimposed 
vectors equal to the vector operated on. 

Pfoof of gyaphical analysis ,—^The legitimacy of the 
graphical method may be proved by inspection. If the 
analysis is correct, then the components may be used 
to build up the given unbalanced system. This building- 
up is illustrated in Fig. 24, where for clearness the zero- 
sequence component is shown three times its proper 
lengtt. The equivalence of the three sequence-sets 
^sitive, negative, and zero) to the unbalanced system 
IS seen by applying the rotations to these instead of to 
^e unbalanced limbs. Thus the 120° clockwise turning 
is applied to OC' and OC", and to one of the three 
superimposed zero-sequence vectors of Fig. 24, instead 
of to OC. This brings OC' to OA' and OC" to OB", 
while it displaces one zero-sequence vector through 120° 
forward. The counter-clockwise tmming is applied to 
OB and OB , and to one of the zero-sequence vectors, 
instead of to OB. This brings OB' to OA', and OB'' 
to OC", whilst displacing a zero-sequence vector 120° 
backward. 

The &st turning operation causes all three limbs of 
the positive-sequence set to be superimposed, while it 
merely changes the sequence of the negative Set. Its 
effect upon the zero-sequence set is to turn it into a 
ste. The stringing process adds superimposed elements 
^ithmetically, while it cancels stars by turning 
into deltas whose beginnings and ends coincide. Thus 
the first stringing process gives the arithmetic sum of 


*^•1 positive-sequence limbs, properly oriented, 
whikt it cancels the negative- and zero-sequence sets. 
Similarly the second operation gives the negative- 
sequence set. 

^ The third operation is to string together the original 
given vectors without any turning. If this produced 



Origmal unbalanced corrents. 

+ +Positive-sequence components. 

—Negative-sequence components, 
o o 0 Zero-sequence components. 

a closed delta there could be no neutral- or zero-sequence 
component. The vector needed to close the delta 
figure is the arithmetical and vector sum of the three 
equal elements of the zero-sequence component. 

Application of Method of Symmetrical 
Components. 

Fortescue replaces an unbalanced system of three 
currents by three balanced systems. Why is it a 
simplification thus to replace three currents by nine ? 

point is that the three original currents are 
interdependent; to change any one of them is to change 
also the other two. Fortescue’s three 3-phase systems 



are balanced, and therefore mutually independent. 
They differ in phase sequence, and this is taken care of 
by the use of simple operators. They differ in phase, 
and this is taken care of by the ordinary vector method 
used for single-phase systems. 

Before considering complicated cases it is well to 
master the procedure in a simple case. We take, for 
instance. Fig. 25, in which a star-connected generator 
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G supplies current to a star-connected synchronous 
motor. The only current in this system is of positive 
sequence. The three phases behave alike, and for 
purposes of calculation we may replace the 3-phase 
system by any one of its three phases. In doing so, 
however, we must remember that Fig. 25 omits the 
return conductor of each of its star-connected phases. 
To complete Fig. 25 we imagine the three neutral leads 
to have been introduced. When these three leads have 
been combined into one conductor they need have no 
cross-section and so may be removed, because the vector 
sum of the neutral currents is zero. Not only do the 
currents cancel, but so also do the voltage-drops along 
the neutrals. Thus in analysing the system into single¬ 
phase components we must give to each component a 
return lead of zero impedance. This lead may be called 
a ** busbar of zero potential.'* 

The single-phase system by which, for purposes of 
calculation, we replace Fig. 25, is that of Fig. 26. Here 
the single-phase generator is simply one limb of the 
star-connected generator of Fig. 25, Eg being its e.m.f. 
and Zg its internal impedance. The latter is usually 
called the synchronous impedance; it is the same thing 
as the positive phase-sequence impedance. The single¬ 
phase load is one limb of the motor of Fig. 25, the upper 
conductor is one of the 3-phase lines, and the dotted line 
is a lead of zero impedance. The back-e.m.f. and 



Fig. 26. 

impedance of the motor are denoted respectively by E^ 
and Z^. 

Next we consider that there is a partial short-circuit 
across the terminals P and Q (Fig. 25) of the load. This 
forms a single-phase load analysable into two equal 
balanced 3-phase loads of opposite sequence. The 
positive-sequence component adds itself vectorially to 
the motor load; the other, of negative sequence, may be 
thought of as flowing independently in the system and 
producing its own independent voltage-drop. The two 
voltage-drops, one due to negative-sequence and the other 
to positive-sequence currents, add themselves vectorially 
just as though they occurred in two systems connected 
in series. We know that this must be so because of 
the action of a pair of phase-sequence indicators. 

To imitate the system of Fig. 25, when there is a 
partial short-circuit across PQ, we lay out two single- 
phase systems, one (marked “ positive sequence ** in 
Fig. 27) exactly like Fig. 26 and the other (marked 
'' negative sequence **) having impedance elements 
equal to the negative-sequence impedances of one star 
phase of the 3-phase system. The lines shown in 
Fig. 27 are simple conductors and, of course, include 
no rotating machines, hence their positive and nega¬ 
tive impedances are equal. This is not true of the 
generator or the motor: when a 3-phase voltage is 
applied to the terminals of a generator or motor while 
it is being driven synchronously (say, by an auxiliary 


belted motor) the ratio of voltage to current (i.e. the 
impedance of the machine) is usually greater for positive 
than for negative rotation of the rotor. Since both 
the generator and the motor actually rotate positively, 
they produce only positive-sequence e.m.f.*s, and we 
introduce no e.m.f.'s into the negative-sequence network 
of Fig. 27. 

To determine how the two networks of Fig. 27 should 
be interconnected, we consider the behaviour of the 


Pi 



fault. As explained in reference to Fig. 14, any single¬ 
phase load across two of the 3-phase lines is completely 
represented by equal positive- and negative-sequence 
current components. Hence the effect of the fault 
across PQ is to cause the same fault current to flow 
through both the positive- and the negative-sequence 
networks of Fig. 27. To make the fault current pass 
thus through both networks we join the points P^ and 
Pg which mark the position of the fault, and we put in 
a return conductor for the fault current; so that, having 
passed through the positive network and then, via the 
fault, through the negative network, it can return to 
the generator. The fault is shown at X. We have to 
prove that its value must be twice the actual impedance 



Fig. 28. 


of the fault. First, we have to reduce the impedance 
at X in the ratio 1 : 1*732 of the actual value Zf, 
because we are using star voltage instead of line voltage: 
next, because we are sending through the fault only 
one of the Current components, ; which amounts to 
1/(2 X 1*732) of the fault current, we must make the 
impedance at X (2 x 1*732) times what it otherwise 
would be. 

To obtain the same result vectorially, we consider 
the two equal 3-phase current sets of opposite sequence 
to which the single-phase fault current is equivalent 
(see Fig. 28). The vector sum of OA^ and OAg is zero, 
that of OBj^ and OBg is OB, and that of OC^ and OC 2 
is OC (Fig. 29). The actual fault current is the vector 
difference of OB and OC, and is equal to (2 x 1*732) 
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times the current of either sequence. As we use in 3-phase positive-sequence set is available in the stator 
Fig. 27 the current of one sequence only, and instead of vending of a synchronous motor. We therefore provide 


0 



Fig. 



^e line voltage the limb voltage, we must make the 
impedance at X equal to twice Zf, 

Application of Symmetrical Components to the 
Phase Convertor. 

In 1917 E. S. Henningsen* described the phase 
convertor, referring to the pair of 5 000-kVA units 
which had been installed in 1916 by the Philadelphia 
Electric Co. The theory of symmetrical components 
offers a ready means of explaining the action of the 
phase convertor, the object of which is to mflintairi 
current and voltage balance in the generators in spite 
of unbalance in the load of a 3-phase system. An 
obvious solution of the problem is to install a substation 
containing 3-phase motors coupled to single-phase 
generators, the latter being used to supply the single¬ 
phase load. That method is expensive and inflexible. 

The phase convettor is a 3-phase synchronous motor 
with which is incorporated a 3-phase generator of 
opposite phase-sequence. 

Principle of the phase convertor. —Fig. 30 represents a 



2-pole star-connected 3-phase synchronous motor taking 
energy froni the 3-phase line a, b, c. If an extra coil 
p, q, were laid in the slots BC, it would form a single¬ 
phase generator to which a load L might be connected. 
If L were connected across be the terminals P, Q, could 
be joined to b, c. Such a machine would be impracti¬ 
cable without means of regulating the single-phase 
e.m.l independently/ 

The principle of symmetrical components reminds us 
that a single-phase current may be analysed into two 
equal 3-phase current sets of opposite sequence, A 
, • 1917, vol, 20, p. 479. 



another negative-sequence set and put the two in 
series, as in Fig. 31. For economy of construction the 
two machines should be mounted on the same shaft, 
the reversal of sequence being obtained by reversal of 


A 



the order of ABC in respect of A'B'C'. The positive- 
sequence machine ABC is called the motor, the other 
being called the voltage balancer. The two windings are 
related as in Fig. 32(a). The back-e.m.f.^s of the motor 



are OA, OB, OC [Fig. 32(&)], while the balancer e.m.f.'s 
are OA', OB', OC'. Cutting off at A"B"C" a positive- 
sequence star equal to the negative star A'B'C', we 
think of these two stars of opposite sequence as com¬ 
bined and giving the resultant PQ [Figs. 32(c)}. Now 
inserting into the vector diagram of Fig. 32(&) the 
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line PQ instead of the stars A'B'C' and A"B"C" we 
have Fig. 33. The star Abe in Fig. 33 is the back-e.m.f. 
of the synchronous-motor element of the system, while 
PQ is the e.m.f. due to the positive- and negative- 
sequence elements. This e.m.f. PQ is in phase with 
the line voltage be. The vector sum of PQ and that 
voltage is CB, and it will send into any single-phase load 
joined across the lines be, enough current to produce 
the internal impedance-drop PQ in the convertor. 
The internal impedance is inductive, and the current 
xequired to produce in it the drop PQ must lag on PQ.. 



If the single-phase load happens to have this same 
angle of lag, the whole of the single-phase output will 
go into the single-phase load; otherwise a part of it 
will go back into the 3-phase system and the balancing 
will be incomplete. 

If the single-phase load is highly inductive we have 
to make PQ send a current lagging by a large angle on 
the line voltage be. A lagging output current is a 
leading input current, and hence we have to maJke the 
convertor take a leading current. Its synchronous- 
motor action will make it take such a current if we over^ 
excite it. Conversely, if the single-phase load is capaci- 
tative we must under-excite the synchronous-motor 
element. 

Single-phase current taken from two phases ,—-The case 
in which equal single-phase loads are taken from the 
lines ab and be is simple. We regard this as the 


taking of a negative load from the remaining phase 
ac. The convertor will respond to that condition if 
the balancer element be given a negative excitation. 

When unequal single-phase loads are taken from 
ab and be the, action of the convertor is less simple: 
such loads can be made to produce any degree of un¬ 
balance. We may imagine that the unbalanced 3-phase 
load is being supplied by an open-delta generator, for 
such a machine can take care of any 3-phase load 
whatever. As a generator of this type has only two 
windings, it produces only two currents. The magni¬ 
tudes and the phase relation of these two currents may 
vary widely, but in every case they may be resolved 
into two equal currents with a phase difference of 60® 
(such as a balanced load would take), plus one single¬ 
phase current. It is thus necessary for one of the 
windings of the open-delta generator to carry a single¬ 



phase load in addition to the current which a balanced 
load would require. This case is thus seen to be similar 
in principle to that of one single-phase load across the 
lines b,c. 

The action of the convertor is explained above with 
reference to a single-phase load across the lines be. 
To satisfy that case, phase A of the motor element had 
to be joined to line a. In order to balance a load 
across ca, phase A of the convertor would have to 
be joined to line b; or, for a load across ab, phase A 
would have to be joined to line c. This is because 
we chose A and A' as the phases which would cancel 
each other in the convertor. Thus, for automatic 
balancing of the 3-phase system, relays must be installed 
which will control not only the field currents of the 
convertor, but also the order of its connectipns to the 
3-phase line. ^ ^ ^ ^ ^ ^ ^ 
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MEASUREMENT OF THE MUTUAL IMPEDANCE OF CIRCUITS WITH 

EARTH RETURN* 

By John Collard, Ph-D., Associate Member. 

and in final form February, 1932.) 

Theory. 

It is not proposed to go into the theory of this subject 
in any detail since this has already been done by a 
number of different authors, to whose works reference 
IS made in the Bibliography. Three authors, Pollaczek, 
Carson, and Haberland, appear to have arrived at a 
mathematical solution to this problem almost simul¬ 
taneously and along very similar lines. From these 
three theories, a series of formulae have been drawn up 
by the C.C.I.f giving the mutual impedance between 
wo earthed circuits for a number of practical cases, 
ihese formulae, together with curves plotted from them 
are given in their “ Directives published in 1930. 

^ For normal separations the formula for the mutual 
impedance between two parallel lines with earth return 
IS of the form 


{Paper first received ISih December, 1931, 
Summary. 

The object of this paper is to place on record the results of 
tests earned out at three different sites in England at which 
measurements were made of the mutual impedance between 
wo ea ed circuits. Results are given for different separa- 

a'nnn ^ and for frequencies from 200 to 

3 000 cycles per sec. The results are shown to be in good 
ap’eement ^th the theory on this subject, and the resistivity 

^ 260 ohms/cm* at one site and 

6 OOO ohms/cm® at the others. 


Introduction. 

The problem of the mutual impedance of circuits with 
earth return has received considerable attention in 
recent years in connection with the study of the inductive 
interference produced by high-tension power lines and 
e ectric tr^tion S 3 retems in neighbouring communication 
circuits. The problem has been investigated theoretically 
y a number of authors and a fairly complete solution 
has l^en produced. A number of practical tests have 
mso been carried out in different countries with a view 
to checking the theoretical formula, and while, in 
general, tte tests have been in good agreement with the 
theory, the results obtained at certain sites have shown 
a divergence from the theory. It is thus very desirable, 
before ^e theory can safely be appUed to the solution 
of pracrfcal problems, that test-results should be made 
availawe for as many different sites as possible. This 
paper has, therefore, been prepared with the object of 
placing^on record the test-results which have been 
o tamed m some mutual-impedance measurements 
c^ied out at three different sites in England These 
three sites are:— 

(а) ^ the marshes at Reculver, near Heme Bay 

(б) On ae Yorkshire moors, near Goathland, about 

/ \ ^ between Pickering and Whitby. 

(c) On the shore near Weston-super-Mare. 

At l^s last site, tests were made both at low tide, when 
ttetet wires were not covered by the sea, and also at 

covered to a depth of 

The geological features, of these sites are very different 
so tlmt the test-results probably cover a ^de range 
«h r^istmty. The more detaUed particulars of 

obtained are given in 

me foUowmg sections. ^ 

the paper to which they relate. one month after publication of 


M 


= /__L 

I 


+ 4 


^keT(|fec|) -tkeri([A;a;|) ) 


I Jccc 


7 


X 10- 


In this expression the symbols have the following 
meanings:— ® 

M = mutual impedance, in henries per km, 

X = separation between the two lines, in cm 
k = e3’”’y'(47ro’co), 

a = conductivity of the earth, in C.G.S. units per 
cm®, ^ 

e = base of natural logarithms, 

» = ■y/ — 1 

kCT' and kei' are the differential coefficients of ker and 
kei, which are the Kelvin forms of Bessel functions. 
Tables of these functions are given in British 
Association Report, 1915, pp. 36-38. 

It will be noticed that this expression gives the mutual 
impedance in terms of the variable kx. k itself being a 
function of the square root of the frequency and of the 
square root of the conductivity of the earth. The 
theory would, therefore, lead us to expect that for any 
given value of earth conductivity, the mutual inipedance 
should be a function of the variable In order to 

show with what accuracy the experimental results agree 
mth the theoretical relations, the test values of mutual 
impedance have been plotted as a function of the variable 
xyf and in each case the theoretical curves for appro¬ 
priate values of earth conductivity have been drawn in 
Two sets of curves have been plotted, one set giving the 
magnitude of the mutual impedance expressed in hehrys 
per kilometre, and the other set giving the corresponding 
angle of the mutual impedance. 

des CommnnicatioM Ta(!pljoiiiques i 
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(a) Reculver Tests, 

These measurements were not actually carried out to 
test the validity of the theoretical formulae and, since 
the purpose for which they were required did not neces¬ 
sitate any very great accuracy, a somewhat primitive 
form of testing apparatus was used. In spite of this the 
results show a reasonable agreement with the theory 
and are of interest since they correspond to the case in 
which the resistivity of the earth is very low. 

Description of Site .—^These tests were carried out in 
December 1927 at a site on the marshes situated between 


and at separations of 30, 60, 160, 300, 600, 1 200, and 
2 840 ft. from it. Each wire was earthed at each end by 
means of earth pins and, owing to the nature of the 
ground, a low-resistance earth connection was easy 
to obtain. 

Description of Apparatus.—K variable-frequency valve 
oscillator was connected in one end of the inducing 
circuit through a transformer arranged to match the 
impedance of the line approximately with that of the 
oscillator. The current supplied to the line was measured 
by means of a thermo-couple, and meter and measure-- 



the railway and the sea just east of Reculver, which 
itself lies about 4 miles to the east of Heme Bay. The 
ground, which is used for grazing purposes, has been 
drained by a number of intersecting dikes. The site 
was not ideal for the purpose of testing the theory, since 
the latter assumes an earth of uniform structure. 
Actually, however, the results do not appear to show 
any divergence from the theory which could be attributed 
to the non-uniformity of the site. 

A mile of 0* 028-in. vulcanized-rubber-covered copper 
wire was laid out along the ground in a straight line 
to act as an inducing circuit. A second length of about 
\ mile was used as the induced circuit and was placed 
parallel to, and near the centre of, the inducing wire 


ments were made at frequencies of 370, 640, 810, 1 000, 
1 600, 1 800, and 2 670 cycles per sec. 

The measurement of the voltage in the induced con¬ 
ductor was made by connecting an amplifier to the 
conductor and then switching a telephone receiver 
alternately to the output of this amplifier and to a 
second valve oscillator which was set to the same 
frequency as that supplied to the inducing circuit. 
By means of an attenuator the output of this second 
oscillator could be varied until it was estimated that the 
tone heard in the receiver when connected to the amplifier 
in the induced conductor was the same as that heard 
when the receiver was connected through the attenuator 
to the oscillator. The apparatus had previously been 
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order to maintain the straight line was at Eller Beck. 
Here the wire was laid across the moor and was sus- 
pended across the Beck. 

A 0* 036-in. vulcanized-rubber-covered copper wire 
was used as the inducing circuit and was earthed at 
both ends by means of substantial earth-plates. At the 
centre the wire was cut and joined to a short twisted 
rubber-covered pair by means of which it was connected 
with the test hut. The induced wires were laid parallel 
to the inducing wire, starting at a point level with the 
test hut and running in a northerly direction. A 
0* 028-in. vulcanized-rubber-covered copper wire was 
used for this purpose and was placed at separations of 
10, 20, 40, 80, 160, 320, and 575 metres from the inducing 
wire. For the close separations the induced wire had 
a length of about 380 m and for the wider separations 
about 480 m. At the far end the wire was connected 


A 




Fig. 2. Apparatus used for mutual impedance measurements. 


calibrated in the laboratory so that the relation between 
the setting of the attenuator and the e.m.f. induced in 
the conductor was known. It was estimated that the 
balance could be carried out to within 0 • 5 decibel. This 
measurement, of course, only gave the magnitude of the 
voltage and, since this was all that was required in this 
instance, no attempt was made to measure the angle. 

From a knowledge of the magnitude and frequency 
of the inducing current, the magnitude of the induced 
e.m.f., and the length of the induced circuit, the mutual 
impedances for the different cases have been worked out 
and are plotted in Fig. 1. 

(6) Goathland Tests, 

The results obtained at Reculver, in spite of their 
rather approximate nature, showed such a reasonable 
agreement with the theory that it was decided to cany- 


out a second and more extensive series of tests to check 
this agreement still further.^ This time it was decided 
to measure both the magnitude and the angle of the 
mutual impedance and to use a method giving con¬ 
siderably greater accuracy than that used at Reculver. 

Description of Site ,—These tests were carried out in 
June 1928 at a site on the Yorkshire moors about half¬ 
way along the Pickering-Whitby road. This site was 
chosen partly because it enabled a long, straight wire to 
be laid out and partly because it was so far away from 
any source of electric power that the effect of stray 
fields was avoided. A test hut was erected at the point 
where the road from Goathland joins the maiT. road 
just north of Eller Beck, It was decided to use an 
inducing wire 5 miles in length and, as the main road 
runs for some considerable distance substantially in a 
straight line, the inducing wire was placed for 2J miles 
from the hut in each direction in a shallow ditch which 
lies on the west side of the road. The only point where 
it was necessary to divert the wire from the road in 


to earth pins and at the end near the hut a second earth 
connection was installed. A twisted pair was then run 
out from the test hut, one wire being connected to the 
end of the induced conductor and the other to the second 
earth connection. The twisted pairs to the inducing 
and induced wires were run out at right angles to the 
inducing wire. 

The ground in the neighbourhood of the test site was 
very hard, making it dif&cult to secure good earth 
connections. According to geological surveys, it appears 
to consist mainly of sandstone to a depth of about 
600 ft. 

Description of Apparatus,—A. diagram of the apparatus 
used for these tests is given in Fig. 2. A variable- 
frequency valve oscillator was connected to a shielded 
transformer T^, M being a thermocouple and meter for 
measuring the current supplied by the oscillator. The 
output of Ti was connected in series with a second 
transformer Tg and a switch S^. The switch Si was 
used to connect the osciUator either to the inducing line 
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AB or through an attenuator to the shielded transformer 
Tg. When the tone from the oscillator was switched to 
the inducing line, an e.m.f. was induced in the induced 
conductor, XY, and was thence conveyed through th-e 
switch Sg to a shielded transformer Tg and then through 
another transformer T 4 to an amplifier and receiver R. 
At the same time, tone from the oscillator was passed 
through transformer Tg to the coupling unit which is 
shown to the right of Tg. This coupling unit consists 
of a toroidal inductance L wound on a wooden core 
and having four windings. The two windings 1, 2 and 
3 , 4 are connected at one end through a transformer Tg 


current. The lower and upper pairs of windings are 
arranged to have a mutual inductance of 300 /aH, and, 
since the lower windings are built out by the resistor 
and condenser to an impedance of 600 ohms, it follows 
that, when the moving contact of the 600-ohm slide-wire 
is moved to one end, the effective mutual inductance 
is -j- 60 /iH and, when the moving contact is on the 
other end, the effective mutual inductance is —• 60 /aH. 
For settings of the 600-ohm slide-wire in between these 
points, the mutual is directly proportional to the distance 
of the slide-wire from the centre. The contact which 
is normally connected to the centre point of the two 



to the amplifier and receiver and at the other end to a 
0 * 8 -ohm slide-wire and two 0 * 4 -ohm resistors in 
series, with the centre point earthed. The other two 
windings 5 , 6 , and 7 , 8 , of the inductance are connected 
to a resistor and condenser which are arranged to give 
these windings a resultant impedance of 600 ohms at all 
voice frequencies. At the other end, the windings are 
connected to a 600-ohm slide-wire and to two 30O-ohm 
fixed resistors connected in series. When the moving 
contact of the 600-ohm slide-wire is in the mid position, 
no current flows through windings 6 , 6 , and 7 , 8 , so that 
no voltage is induced in the other windings. As soon as 
the moving contact is moved from the centre position, a 
certain amount of current flows in the lower two windings 
of the inductance and thus produces in the other two 
windings an e.m.f, in quadrature with the oscillator 


3(K)-ohm resistors may be moved, as shown in the 
diagram, so as to connect to either end of these resistors 
and thus adds ± 60 jjiM to the mutual inductance. The 
upper slide-wire is provided to produce an e.m.f. in phase 
with the current. The whole coupling device, which is 
the invention of Mr. A. D. Blumlein,* thus provides a 
very simple and convenient means of obtaining a variable 
impedance of known value. The device has another 
very important property and that is that, since the 
inductance is toroidal, it is unaflected by stray magnetic 
.'fields.' 

It is not practicable to arrange this device to cover the 
very wide range of impedances required in the tests, so 
that the two transformers T 4 and Tg are arranged to 
have their ratios variable in a number of steps. In 

* British Patent No. 388688. 
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COLLARD: MEASUREMENT OF 


making the measurement the ratios of and T, and 
the settings of the two slide-wires of the coupling unit 
are so adjusted that the tone heard in the receiver is 
a minimum. 

The transformers, T^, T^, T 3 , and Tg, are necessary to 
separate the different parts of the apparatus and so 
prevent cross-talk from one part of the circuit to another. 
Their introduction, however, and the capacitance of 
^e twisted pair running out from the test hut to the 
induced circuit both cause slight changes in the magni- 
tode and phase of the testing currents. It was originaUy 
intended to overcome this difficulty by calibrating the 
apparatus in the laboratory. When the tests on the 
site actually came to be made, however, it was found 
that the short showers which occurred covered the 


per sec. The magnitude of the mutual impedance is 
plotted in Fig. 3 and the angle in Fig. 4 . 

{c)JWeston-super-Mare Tests. 

These tests were carried out in order to obtain further 
formation on the agreement between the theoretical 
formulae and practical results. The site at Weston 
was chosen because it enabled two sets of results to 
be obtained, the first when the sea was out and the 
second when the test wires were covered by sea water. 
The first set of results corresponds to the case of two 
circuits on the land which had already been tested at 
Reculver and Goathland. The second set of results 
corresponds to the case which occurs when two sub¬ 
marine cables run into the same landing place. Inductive 



^sted pair with moisture, while the effect of the wind 
m between the showers was to tend to dry the wire 
The effect of this constant change in the amount oi 
inoisture on the twisted pair was to cause the capacitance 
of the parr to vary in a very marked and erratic manner. 

It was therefore decided to carry out a calibration 
measurement on the site immediately after each test 
measureinent. For this purpose a small known voltage 
was mtroduced into the induced conductor by means of 
an attenuator and a transformer T,. The transformer 
was Pl^ed near the induced conductor and was con- 
nected back to the hut by a second twisted pair. Since 
the attenuator was arranged to have an impedance of 
only a few ohms on the output side, the effect of the 
variation m capacitance of this second, pair was in- 
appre<^ble. ^ The effect of Tg on the calibrating voltage 
was allowed for by previous calibration. 

made at frequencies of 200 300 
600, 800, 1000 , 1600, 2 000 , 2 600, and 3 000 cycles 


interference often occurs in such a case and it was 
tterefore, considered of interest to determine whether 
the theoy could also be applied to this case. 

Description of Sffe.—These tests were carried out in 
October 1929 at a point on the shore between Sand 
Fomt and St. Thomas’s Head about 3 miles to the north 
pf Weston-super-Mare. This site was chosen principally 
because of the extremely high tide, about 40 ft., occur- 
rmg there. It was also sufficiently far away from 
sources of electrical power to avoid stray fields. A stone 
hut on top of the cliff was used to house the testing 
equipment, and rubber-covered twisted pairs were run 
down to the beach to connect with the inducing and 
induced wires. The inducing conductor consisted of 
about i mile of 3/-029 tough-rubber-sheathed copper 
wire laid out along the shore and earthed at each end 
The induced wires were of the same material and were 
pla^d parallel to the induced wire near its centre; their 
length varied from 100 to 200 yards and they were 
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earthed at each end. A twisted pair from the test hut 
was connected into the middle of the inducing wire and 
another twisted pair into the middle of the induced 
conductor. These two pairs were kept about 20 yards 


experienced due to shifting of the wires by the sea. 
The induced wire was placed at the following separations 
from the inducing wire, 6, 10, 20, 40, 80, and 120 metres. 
The wires were laid at low tide and, after the tide 




apart to avoid pick-up from one to the other. Owing 
to the fact that the wires would all be under water for a 
large part of the tests, special care was taken in insulating 
all joints so that water should not penetrate. The wires 
were kept in place by weighting them down with heavy 
stones at a number of places, and no trouble was 


ha.d risen, were covered to an average depth of about 
30 ft. 

Description of Apparatus .—The apparatus used for 
these tests was almost identical with that used at 
Goathland, so that a detailed description need not be 
given. The calibrating arrangement was not used this 













.n,7rc to the Shorter length of the twisted 

impedance of the inducing and 
■w« capacitance of theVirs 

calibr^^^^^fv v^' apparatus was therefore 

c^brated in the laboratory before being taken to the 

site, a,nd a shght calculated correction was made for the 
capacitance of the pairs. 

Measurements of mutual impedance were made at the 

2 STaJo«00, 1 000, 1 500, 
000, 2 600, and 3 000 cycles per sec. Two sets of 

este were made, one with the tide right out and the 

3 ^ magnitude of the 

Jow-tide mutual impedances are plotted in Fig. 6 and 


COLLARD: MEASUREMENT OF 


experimental results all faU within the two theoretical 
curves, and a mean curve drawn through the points 
would foUow very closely the shape of the theoretical 
cu^es. ^ the case of the angle of the mutual im¬ 
pedance Figs. 4 and 6, the experimental points appear 
to deviate considerably more from the theoretical cu^es 
although ae general trend of the points follows the line 
of the theoretical curves. Fortunately, from the 
pr^tical point of view, we are more concerned with 
calculatmg the magnitude of the mutual impedance 
than Its angle, so that deviations of the measured angles 
from the theoretical curves are of relatively sinaU 
importance. In any case, the distribution of the points 



7.—Weston-super-Mare tests (high tide). 


the angles in Fig. 6. The magnitudes for the high-tide 
‘Case are plotted in Fig. 7. ® 

Discussion of Results. 

In judging the accuracy with which the experimental 

shnnW '^*,**^® theoretical curves, most attention 
shoMd be directed towards the tests at Goathland and 

Ire at Weston-super-Mare, since these 

axe the tests which were carried out with the greatet 

m Figs 3, 4, 6, and 6, and in each case two themetical 
ofTooJ^^b an earth resistance 

+, of results for the magni- 

f im^dance. Figs. 3 and 6, it wiU^e 
noticed that, except for a few isolated points the i 


appears to be quite erratic, which would indicate that 
th. d.™iic^ ar. d„ „„„ to JSS tta 

to ^y ^tematic departure from the theory The 
results obtained at Reculver, plotted in Fig l^will be 
seen to agree reasonably weU with the theorftical clIvS 

---y omo. ‘.rs 

The tests taken at high tide at Weston-super-Mare 

cS^es delation from the th^retieal 

curves and there are a number of reasons which would 
account for this. In the first place, the theory which 

Sf tV of wires in 

of ^ that if the depth 

of water covering the wires ware large compared with 

resistivity of the sea is so much less than that of toe 
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earth (30 ohms/cm® compared with 6 000 ohms/cm®), 
the case might be considered as equivalent to an inverted 
air-earth case, that is to say, with the water taking the 
place of the earth in the normal case and the earth 
taking the place of the air in the normal case. If this 
were so, then the same theoretical formulae should apply. 
In order to see whether this assumption does hold or 
not, the experimental points have been plotted in Fig. 7, 
and three theoretical curves have been drawn in, cor¬ 
responding respectively to resistivities of 20, 40, and 
80 ohms/cm®. It will be seen that for the points taken 
at the closer separations the agreement with a theoretical 
curve for a resistivity of about 30 or 40 ohms/cm^ is 
quite good, and actually the resistivity of the sea should 
be somewhere about this value. For the larger separa¬ 
tions, the points deviate rather more from the theoretical 
curves and this is only to be expected since the depth of 
water, about 30 ft., is no longer large compared with the 
separations. Indeed, it is a little surprising that with 
this small depth of water even the separations of 5 and 
10 m are in good agreement with the theory. There 
seems to be no doubt that, provided the depth of sea 
water is more than twice the separation between the 
two wires, the theoretical expressions would approximate 
quite well to the experimental results. 

Tests of mutual impedance carried out in Germany 
have shown that in order to make the theory agree with 
the experimental results it was necessary to take a 
different value of earth resistivity for each frequency. 
As a result of this, the C.C.I. when making use of the 
theory for practical purposes have proposed to use a 
value of resistivity proportional to the square root of 
the frequency. It is, therefore, of interest to examine 
the test-results given here to see whether there is any 
sign of the resistivity varying with frequency. Take 
first of all the Goathland results. Fig. 3. The maximum 
variation of frequency employed here was 200 to 3 000 
cycles per sec., so that, if the resistivity should vary as 
the square root of the frequency, we should expect a 
variation of resistivity of about 4 to 1. If the points 
for each separation are examined, it will be seen that 
there is a slight tendency for them to depart from the 
theoretical curve, the points at the lower frequencies 
appearing to move over towards the theoretical curve 
for the lower resistivity. The total change of resistance 
necessary to account for this effect is, however, nothing 
like the 4 to 1 just mentioned and is actually only about 
1‘5 to 1. The Reculver tests. Fig. 1, for which the 
maximum frequency range was 370 to 2 570 cycles per 
sec., do not appear to show any sign of this change in 
resistance with frequency. In the case of the low-tide 
measurements at Weston-super-Mare with a frequency 
of 200 to 3 000 cycles per sec., there again seems to be a 
very slight tendency for a change of resistance with 
frequency, though it is even smaller than at Goathland 
and seems to be reversed in the case of the 20-metre 
'■points. 

Curiously enough, the measurements of angle at 
Goathland, Fig. 4, seem to require a change of resistance 
with frequency in the opposite direction, that is to say, 
a lower resistance for the higher frequencies. In any 
case, the mutual impedance depends only on the square 
root of the resistivity. It seems re^onable to conclude. 


therefore, that for these three sites and for the range of 
frequencies employed in these tests, a change of resistance 
wili frequency to make the theory fit the experimental 
results is either not required at all or is so small as to 
be of negligible importance in practical cases. 

Another point of some interest which arises from these 
tests is the short lines to* which the theory, which assumes 
an infinite conductor, seems to apply. At Weston-super- 
Mare, for example, the inducing line was only ^ mile 
and the induced line in some tests only 100 yards. 

The test-results show that the following values of the 
resistivity of the earth give the best agreement with the 
theory in the different cases:— 

Reculver .. .. .. 250 ohms/cm® 

Goathland .. .. .. 6 000 ohms/cm® 

Weston-super-Mare (low tide) 6 000 ohms/cm® 

(high tide) 40 ohms/cm® 

Conclusions. 

The most important conclusion to be obtained from 
these tests is that the Carson-Pollaczek theory agrees 
very well with the experimental results in the three sets 
of tests described here. Furthermore, the variation of 
the earth conductivity with frequency, if it occurs at all, 
is extremely small and can therefore be neglected for 
all practical purposes. The resistivity of the earth has 
been found to vary from a value of about 250 ohms/cm®^ 
at Reculver to a value of about 6 000 ohms/cm® at 
Goathland and Weston-super-Mare. This indicates that 
it is desirable, when applying the theory to some par¬ 
ticular site, to know the conductivity of the earth at 
that site rather than to assume a uniform conductivity 
for all sites. 

The tests carried out at high tide at Weston-super- 
Mare indicate that, provided the separation between 
two wires laid in the sea is smaller than the depth of 
water over the wires, the Carson-Pollaczek theory applies 
equally well in this case, the sea being considered as the 
earth and the earth as the air in the normal case. This 
point is of use in considering problems of interference 
between adjacent cables in the sea. 

Finally, the test-results described here show the 
desirability of carrying out still further tests in order 
to obtain a more detailed knowledge of how the con¬ 
ductivity of the earth varies according to the geological 
nature of the earth and under what conditions it is 
necessary, as in the German tests, to assume a vanation 
of conductivity with frequency. In this connection it 
is of interest to note that the Electrical Research Associa¬ 
tion, in conjunction with the Commission Mixte Inter¬ 
nationale, are carrying out similar tests in England at 
several sites. 

Tn conclusion the author wishes to thank the Inter- 
mational Telephone and Telegraph Laboratories, In¬ 
corporated, for permission to publish this paper. He 
would also like to take this opportunity of expressing 
his indebtedness to those members of the Interference 
Department of the Laboratories who have assisted in 
the tests described here, and in particular to Mr. A, D. 
Blumlein, B,Sc.(Eng.), for his work in developing the 
testing apparatus used in the Goathland tests. 
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Summary. 

The features of large networks which are important in the 
design of selective protective systems are discussed. 

The characteristics of distance protective relays are con¬ 
sidered, and the causes which lead to inaccuracy in their 
operation are enumerated. It is shown that nearly all these 
causes are due to the network and not to the relays. The 
conditions governing the minimum safe clearance times and 
minimum length of line that can be protected are discussed. 

An analysis is given of the magnitude and distribution, 
between earth and the conductors, of earth fault currents on 
systems with multiple earthing of the neutral point, and the 
sources of error resulting from this distribution and means of 
compensating for this error are given. 

Protective systems depending on direction of fault current 
are discussed and the “duplex** system is described in 
detail. It is shown in what way the conditions in a network 
during a fault may tend to occasion incorrect operation of 
relays of this type, and how such tendencies may be overcome 
in the design of the protective gear. 

The difficulties in the design of protective systems intro¬ 
duced by the distortion of the vector diagram during a fault 
are explained, and it is suggested that these difficulties may be 
overcome if the distortion itself is used for relay operation, 
as may be done by employing negative and zero phase- 
sequence components. 


Introduction. 

When a collection of isolated distribution networks 
come to be linked together a greater change is introduced 
than the mere addition of a certain mileage of trans¬ 
mission line to the aggregate of component networks. 
These are welded into a single engineering unit in which 
every portion responds in some way to changes in every 
part. The properties of such an interconnected system 
must be studied as the properties of any single machine 
are studied. The large amount of generating plant 
working in parallel, its haphazard distribution, and the 
extensiveness of the area covered, introduce a number 
of problems that either do not occur in smaller engineer¬ 
ing units or are comparatively unimportant when they 
do occur. 

The authors propose to deal in this paper with a few 
of the problems arising out of a study of fault currents 
on such large systems and the bearing of these problems 
on the design of the gear employed for the automatic 
isolation of a faulty portion of the network. Such a 
study is not so important for smaller and simpler uhits 
of power distribution. Xhe means that can be adopted 
for the selective protection of these, such as various 
forms of overload relays or derivatives of the Merz-Price 
system, are not very greatly affected by the nature of 
fault currents. But such means of protection are 
neither economically nor technicaHy the ideal ones for 


very large networks. For these, so-called distance 
protective systems or combinations of directional and 
overload relays have been found to be cheaper and more 
satisfactory and have been greatly developed during 
recent years. Their proper design necessitates a very 
much fuller knowledge of the value and distribution of 
the currents and voltages occurring during a fault than 
did the older methods of selective protection. 

PART I. PROTECTIVE SYSTEMS DEPENDENT 
ON DISTANCE OF FAULT. 

The Principle of Distance Protection. 

It will be convenient for discussion of the influence 
of magnitude and distribution of current and voltages 
during a fault to recapitulate briefly the general principle 
of operation of distance protection, even though this 
will involve restating a certain amount which has been 
published already. 

All distance protective systems employ relays for 
clearing a fault, and their time of operation increases 
in some way with the distance of the fault froth the 
relay. The relays on the faulty section are arranged 
thereby to reach the tripping position before those on 
more distant sections. As soon as the faulty section 
has been cleared aU other relays on the system return 
to their starting position. Distance protection therefore 
works on the “ time graded ** principle, but the time 
grading is made dependent upon the distance from the 
fault. 

The impedance and reactance of the circuit between 
the relay and the fault are functions of the distance, 
and therefore the relay is so arranged that its operating 
time is dependent upon the ratio of voltage to current 
occurring during the fault. Some systems make the 
operating time dependent on the ratio of the reactive 
component of the voltage to the current, so that any 
variation in the resistance of the circuit, due, for instance, 
to an arc, does not affect the relay operating-time. 

Distanoe Relay Characteristics. 

The principle will be more readily understood by 
reference to Figs. 1 (a and 5) and 2, showing charac¬ 
teristics of distance relays., In these figures the abscissae 
represent distance, and the ordinates time. 

Points Aq, Bq, Cq, Dq, are switching stations on a 
portion of a network, the distances between them 
being proportional to the section lengths. The thin 
lines bj^, C;^, represent the tripping times of the pro¬ 
tective relays at stations A^, Bq, Cq. 

Fig. 1(a) is drawn for relays having a straight-line 
characteristic in which the time the relay takes to reach 
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the tripping position varies directly with the distance, 
with allowance for a constant initial time 
After the relay contacts at station A have closed to 
energize the circuit-breaker tripping coil, a certain 
appreciable time, while the circuit-breaker contacts are 
opening, must elapse until the circuit is interrupted 
This time is represented by A^-A^, and so the thick 
lines Ag, Cg, represent the times taken for clearing a 
faidt at distances corresponding to measurements along 
-^ 0^0 ^o> ^0 respectively. 

It is convenient to call the thin line.s '' tripping charac¬ 
teristics ** and the thick lines '' clearance characteristics."' 

Supposing, for instance, that a fault occurs at on 
the short section BqCq, the relay at Bq will energize the 
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trip coil of its breaker at a time corresponding to X on 
the tripping characteristic, and the fault at -will be 
cleared at a time corresponding to X, on the clearance 
characteristic. As the diagram Fig. l{a) is drawn, the 
trip coil of the breaker at Aq will be energized at a time 
corresponding to X^, and, therefore, the breaker at A„ 
will start, to open before the fault is cleared at Bj, and 
wiU have finished opening at Xg. The section A„B 
Twll. therefore, be wrongly cleared. A false operation 
must always occur if the tripping characteristic on a 
sound section cuts the clearance characteristic on a 
faulty section. It will be seen from a gl^ce at Fig. 1(«) 
that in order to guard against such a false operation as 
is inevitable with this diagram, it is necessary to arrange 
ir the characteristics on the long sections to be much 
than tiiose drawn, as shown in Fig. 1 ( 6 ). Asteeper 
ristic means, however, a longer clearance time. 


It IS easier to prevent the characteristics from crossing 
1 ey are not straight lines, and relay manufacturers 
fiave devised gear with curved or kinked characteristics 
o combine short clearance times with greater dis¬ 
crimination. As an illustration of the properties of 
Pig- 2 may be mentioned. 

(1) The clearance time is as short as possible for faults 
Close to the Station and within a distance marked by the 
point 1. This is an advantage, as it is desirable that 
faults near a station should be cleared more quickly than 
1 ttey are far away. Faults in the vicinity of the 
station reduce the voltage more, and therefore have a 
rume disturbmg effect on running plant and the-stability 
oi the system. 

(2) The characteristic cuts the line corresponding to 
the nert swtching station at right angles between 
points 2 and 3. Any smaller inaccuracy in the charac¬ 
teristic may brmg point 2 nearer to, or further from, the 
toe of Bo on Fig. 2, but will not affect the clearance time 
tor a fault m the vicinity of station Bj. If the charac- 
tenstic cuts the line corresponding to the station at the 
end of the section at a sharp angle a small inaccuracy 
means a large variation in clearance time and, therefore 


'c. . bo 

Fig. 2.—Distance characteiistics shaped to avoid crossing. 

the risk that the conditions as shown in point 1 may be 
reached, where the relay operates with a fault on the 
adjommg section before the breaker on that section has 
cleared. If, however, the range of inaccuiacy exceeds 
the distance between points 2 and 3, this advantage dis- 

j appears. It will be seen below that this may well be the 

case, so that the advantage of a horizontal portion 2--3 is 
at least soniewhat doubtful. On very short sections such 
^ BoCj, point 3 of one characteristic may come danger¬ 
ously close to point 2 of its neighbour. 

(3) The characteristic slopes steeply upwards between 
pomts 3 and 4, thereby reducing the risk of false opera¬ 
tion on this part of the curve. 

(4) The characttostic becomes flat again from point 4 
onwards, and thereby ensures that the relay wiU clear a 
fault eventually, after not too long a lapse of time, if for 
one reason or pother the breakers in the vicinity of the 
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fault should fail to clear. A portion of healthy net¬ 
work is thus cut out, together with the faulty part, but 
the operation saves the remainder. The distance relay 
on the adjoining sound section is said to “ back up the 
one on the faulty section. 

All the advantages enumerated above and illustrated 
in Fig. 2 are not of equal importance, and they are not 
obtainable with every protective system. 

The authors do not wish to suggest that a system 
which does not embody all of them is necessarily inferior 
to one which does. The distance/time characteristic is 
not the only, and not, perhaps, the most important 
feature of a distance protective system, but it is one 
which needs thorough study in conjunction with an 
investigation into the nature of the fault currents and 
voltages. 

Maximum Clearance Time, 

The longest clearance time obviously occurs when the 
fault is at the far end of the section protected, and this 



Fig. 3.—^Analysis of maximum clearance time. , 

is given in Fig. 3 by the point A^- The least safe value 
that may be given to this is important. Although long 
fault-clearance times have been considered permissible 
in the past, especially in Continental countries, opinion 
is now becoming almost unanimous that a good protective 
system should be able to clear faults with as little delay 
as possible. Suppose a fault is on AqBq and close to 
Bq. The breaker at Aq will clear after a time equal to 
BqA 2 . It is seen from the diagram that this time is 
made up of the following parts:-— 

Bq-Bj^ = initial relay time. 

Bj^-Bg = circuit-breaker clearance time at B^. 

~ margin required for stability. 

A 1 -A 2 = circuit-breaker clearance time at 

From this the simple rule follows that the clearance" 
time for a fault at the end of a section is equal to twice 
the circuit-breaker opening-time, plus the initial relay 


time, plus a margin. It will be seen below that a 
number of indeterminate quantities make rather a large 
margin necessary, and, for this reason, it is not considered 
safe at the present state of knowledge to set the rela^ 
characteristics to give a shorter clearance time than 
1 • 5 to 2 • 0 seconds for a fault at the far end of a section. 

Reasons for a Margin. 

It is of interest to consider what factors introduce 
possible errors into the relay operation. If every portion 
of the protective devices and the systems protected were 
perfect and determinate, no margin would be necessary. 
The margin is necessary because one cannot be certain 
that such points as 1, 2, and 3, in Fig. 2 will occur on 
each section at exactly the place where it is intended 
that they should occur. If these points move far 
enough from their proper place on the diagram the 
tripping characteristics of a sound section will encroach 
on the clearance characteristics of the neighbouring 
faulty section as they do in Fig. \{a), and thereby 
produce an incorrect operation, generally known as 
instability of the protective system. The margin has 
to be large enough, therefore, to allow for any possible 
departure between the real position of the relay charac¬ 
teristics and their theoretical position. The possible 
causes of such departures are as follows:— 

(1) The distance relay itself may be a little more rapid, 
or a little more sluggish, than is intended. In other 
words, its operating time may not be exactly the required 
function of the voltage and current supplied to it. 
Tests on the best British and foreign distance relays show 
that the margin needed to allow for such imperfections 
in the relay itself is extremely small. Repeated results 
lie remarkably closely on the same curve. 

(2) The relay characteristic must be adjusted in each 
case for the length of the section to be protected, It is 
impossible to obtain an absolutely perfect adjustment, 
and rather a large margin should be allowed for inevitable 
errors under this heading. 

(3) Both the impedance and the reactance of the circuit 
between the relay and the fault are not absolutely 
determinate, particularly for earth faults on a system 
with the neutral earthed at several points. The reason 
for this is that the resistance and reactance of .the earth 
return path is a variable and somewhat unpredictable 
quantity. It is found that earth-fault currents on large 
networks, where the fault may be at a considerable 
distance from the nearest earthed neutral point, pene¬ 
trate many miles into the earth, so that the total circuit 
forms a loop of large diameter and notable reactance. 
The depth of penetration , and, therefore, both the resis- 
tahce and reactance of the fault circuit, are functions 
of the resistivity of the earth. This is found to vary 
between a few hundred ohms per cm cube and more 
than 200 000 ohms per cin cube. 

From this consideration one might expect that the 
impedance of the earth-return path would vary between 
very wide limits, vIf it did, one would have either to 
allow enbnnous margins or to adj ust the characteristic 
of each distance relay in accordance with the resistivity 
of the earth on each section. This is not generally known 
even approximately and it depends, moreover> slightly 
on the surface moisture. It is, therefore, influenced 
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by seasonal, and even momentary, weather conditions. 
Fortunately for the art of distance protection, the 
impedance of the earth-return path varies but slightly, 
even when the earth resistance varies between extreme 
practical limits. A full analysis of the subj ect has already 
been published in the Journal."^ It will be seen from 
Table 4 in the paper referred to that with a variation 
in the resistivity of the earth between 500 ohms per 
cm cube and 20 000 ohms per cm cube, the impedance of 
the circuit may vary by 9 per cent. The uncertainty 
introduced by earth resistance is, therefore, no greater 
than can be readily allowed for in a reasonable margin 
when setting the relay characteristics. 

(4) On a system the neutral point of which is earthed 
at many places, the earth-fault current has two alter¬ 
native paths, which will be described in detail below. 
These alternative paths have each a different reactance, 
so that the total reactance of the circuit depends on 
the amount of current in each of them. It will be seen 
below that the distribution of the current between the 
alternative paths is in itself not constant or determinate, 
but depends on the amount and distribution of trans¬ 
forming and generating plant on the system. Though 
the error due to this cause can be largely compensated 
for, the ratio of voltage to current supplied to the distance 
relay cannot be quite a true measure of the distance of 
the fault. 

(5) The currents supplied to the distance relay are 
derived from current and potential transformers, and 
represent, therefore, the current and voltages in the 
power line accurately only in so far as the instrument 
transformers are accurate. The relay is called upon to 
operate under fault conditions when the voltage is low 
and the current is high. These are the most unfavour¬ 
able operating conditions for the instrument transformers, 
and some appreciable inaccuracy due to this source is 
therefore inevitable. So long as the fault current does 
not vary to a great extent above or below a predeter¬ 
mined value the current-transformer accuracy can be 
made reasonably good. If, however, the fault currents 
are likely to be very large under certain circumstances 
and very small under others, the accuracy of the protec¬ 
tion cannot be so great. Where the neutral point of 
the system to be protected is earthed through a high 
resistance the earth-fault currents *^1 be very much 
smaller than the phase-fault currents, and one cannot 
expect current transformers to reproduce both with 
complete faithfulness. For this reason a system with 
high neutral earth-resistance is more difficult to protect 
adequately than a system in which the neutral points 
are solidly earthed. Similarly, the system on which the 
total reactance of the circuit may vary between wide 
limits is more difficult to protect. For instance, if the 
amount of plant connected varies very greatly, or if the 
number of transformers through which the system is 
fed varies greatly, difficulties as regards the protection 
are introduce. 

(6) The breaker opening-time may be longer than 
allowed for in the relay settings. A more rapid opening¬ 
time always improves stability; a sluggish breaker 
reduces it. 

(7) Where the relays are of the impedance type the 

♦ P. I>. Morgan and S; Whitehead: Journal 1930, vol. 68, p. 367. 


arc resistance may introduce an unknown ohmic value 
into the path of the fault, making its apparent distance 
greater than the true value by an unknown amount. 
Where the relays are of the reactance type this error is 
eliminated, but against the gain must be set off the 
further error introduced by the appliances used to 
separate out the reactive component of the fault current 
and the phase-angle error in the instrument transformers. 

Apparent Distance of the Fault. 

A distance relay responds to the ratio of the secondary 
currents supplied to it from potential and current 
transformers. If we assume, as we are justified in 
doing, almost perfect action on the part of the relay 
itself for all but quite low voltage and current values, 
the relay behaves in its timing as if this ratio were 
proportional to the distance of the fault. In any case, 
where the ratio of the secondary currents is not a true 
measure of the distance of the fault, we may speak of this 
ratio as being a measure of the apparent distance. The 
difference between apparent and true distance might be 
taken account of in the graphical representation of the 
relay characteristic by a suitable alteration to the hori¬ 
zontal scale to which this characteristic is drawn, or, 
alternatively, by a displacement of the characteristic as 
shown by the dotted lines in Fig. 3. If the apparent 
distance is greater than the true distance every point on 
the characteristics shown in Fig. 3 will move further to 
the left, and the clearance time for a given distance will 
be increased. If the apparent distance is less than the 
true one, clearance times will be reduced. 

The stability of the system is jeopardized if the differ¬ 
ence of the apparent from the true fault distance is such 
as to cause relay characteristics to cross on the faulty sec¬ 
tion. If the apparent distance is uniformly reduced all the 
characteristics are flattened and come nearer together. 
The stability margin is encroached upon. If the 
apparent distance is uniformly increased the charac¬ 
teristics all become steeper. They move further apart 
and the risk of a false operation is reduced. But this 
is at the cost of increased clearance time. The worst 
condition is if the apparent distance is increased on the 
faulty section and reduced on a neighbouring sound 
section, while the ideal condition is that, conversely, the 
apparent distance should be reduced on the faulty section 
and increased everywhere else. So far no protective 
system has been devised by which this ideal can be 
ensured with certainty for all operating conditions, and 
so the designer should aim at reducing the difference 
between real and apparent distance as much as possible. 

In considering the necessary margins to be allowed 
for stability, the maximum possible variations in the 
apparent distance of the fault have to be estimated. 
These are due to the seven possible sources of error 
enumerated above. A theoretical estimate of the 
possible magnitude of each of these can only be very 
approximate. Until more operating experience has 
been gained, it is impossible to say how small the margin 
in the relay setting may safely be made. Margins 
bringing the clearance time for a fault at the end of a 
section up to 1*6 or 2*0 seconds assume divergencies of 
several miles of the apparent from the true fault distance. 
In the authors* opinion more optimistic assumptions 
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may be safe in future, but ought not to be made at 
present. 

Quantitative Effect of Inaccuracies. 

In order that the effect of any source of inaccuracy 
may be estimated, a scale connecting distance and time 
is required. We can only consider this subject here in 
its broad outline. The simplest scale is provided when 
the relay characteristic is a straight line, as in Fig. 3. 
An average setting for a distance relay is such that the 
relay time for a fault at the far end of the section is 
1«0 second. This gives us our scale, which is different 
for every section. The section length, whatever it may 
be, is equivalent to 1 • 0 second. 

If the fault is at the far end of a section an error of 
10 per cent in the fault distance will encroach on the 
stability margin by 0-1 sec. If the fault is nearer an 
error of 10 per cent will have a smaller effect. 

If the error in the apparent distance is expressed in 
miles, the effect of an error of 1 mile is dependent on the 
section length. It is less on long than on short sections. 
On a section 20 miles long, for example, 1 mile is equiva¬ 
lent to 1-0/20 = 0-05 sec. On a 10-mile length, an 
error of 1 mile encroaches on the stability margin by 
twice this amount, or 0 * 10 sec. 

Some sources of error, such as arc resistance, are 
more readily expressed in ohms than in miles. On 
an overhead transmission line a resistance of 1 ohm is 
very nearly the equivalent of 1 mile of line. Each ohm 
of arc resistance would increase the relay time on a 
20-mile line by less than 0-05 sec., as the addition is 
made vectorially. 

Minimum Length of Line that can be Protected on 
THE Distance Principle. 

All distance protective relays are really ohmmeters, 
and it is obvious that there is a minimum value of the 
ohms they can measure to give the requisite degree of 
accuracy. The practical conditions of operation and 
maintenance necessitate the sacrifice of sensitiveness to 
robustness. When the distance of the fault is small they 
are, therefore, bound to behave as if the fault were at no 
distance at all. This is one reason why there is a lower 
limit for the length of line that can be protected. If 
the section length were below this limit, the relay could 
not discriminate between a fault on its own and a fault 
on the adjoining section. 

The distance at which the time-grading feature of the 
distance protective relay begins to come into operation 
is quite small. If the Sensitiveness and accuracy of the 
relay itself were the limiting feature, very short lines 
could be adequately protected by almost any make of 
British or foreign relay. It would, however, be a mis¬ 
take to consider it safe to employ distance protection 
on sections of so short a length. The limiting factors 
are all beyond the relay maker's control. Even relays 
of laboratory sensitiveness could not protect sections 
materially shorter than is possible with the commercial 
instruments now available. The shortest length that 
can be safely protected depends on the properties of the 
network and not on those of the protective relays. 

It has already been explained that errors in the 


apparent distance of the fault are the chief reasons why 
a stability margin in the time setting is required. On a 
20 -mile section an error of 1 ohm (or about 1 mile) accounts 
for about 0 • 05 sec. of this margin. On a 2-mile section 
length the same error would encroach on the margin by 
0-5 sec. The seven sources of error enumerated above 
may combine to introduce an error far greater than 

1 mile, and a stability margin of several seconds would 
therefore be necessary with the most perfect relay in 
order to protect lengths as short as 2 miles. 

It is generally assumed that the minimum section 
length that can safely be protected is 10 to 12 miles. 
From what has been said above, it follows that on such 
a section length an error of 1 mile encroaches on the 
stability margin by about 0-10 sec. If the stability 
margin is 0-5 sec. the maximum permissible error is 
5 miles. This error need not be all on one section. The 
apparent fault distance may increase by 3 miles on the 
faulty section, for instance, and may be decreased by 

2 miles on the neighbouring sound section. It is not the 
absolute error but the difference between errors on 
adjoining sections that produces crossing of the charac¬ 
teristics and false operation. Such crossing is less 
probable when all the characteristics start parallel, i.e. 
when all the sections are equally long, than when, as in 
Figs. l{^i) and l{b) or Fig. 3, the section lengths are 
unequal. Then the characteristics are steeper on short 
than on long sections and it takes less error to cause them 
to cross. If it is safe to go down to 10 miles on sections 
of equal length, the minimum safe distance for sections 
of unequal length should be above this figure. 

Another factor influencing the length of section that 
can be protected is the voltage gradient under fault 
conditions. All distance relays depend upon a voltage 
element which exercises a restraint or introduces a 
feature which has the same effect as a restraint on the 
current element. Under fault conditions the voltage 
is necessarily far below the normal line voltage. How 
far below it will be, depends on two things, (1) the 
vicinity of the fault, and (2) the value of the fault 
current. If the latter is small, even a distant fault 
will bring the voltage down to a very low value. It is 
possible that this value may be so low as to render the 
voltage restraint m the relay virtually inoperative, even 
though the fault is on a neighbouring section. The 
condition for instantaneous tripping exists on the sound 
section as well as on the faulty one. This risk is greater 
with characteristics like that in Fig. 2 than with straight- 
line characteristics as in Fig. 3. When the fault current 
is great the voltage gradient is steep. The relay will 
have an effective voltage restraint even if the fault is 
fairly near* Even if the protected section is short and 
the fault just beyond it, the relay will not operate 
instantaneously and thereby bring out its own sound 
section, but if the fault current is small it may do so. 
For this reason the section length that can be protected 
is shorter for large than for small fault currents. 
Heavy fault currents occur more often on high-tension 
than on low-tension lines, and more on lines connected 
direct to big generating plant or supplied through large 
transformers, e.g. the British 132-kV ‘‘grid.'* Small 
fault currents occur on lines fed through comparatively 
small transformers of high reactance, and, as far as 
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earth-fault currents are concerned, particularly on 
systems the neutral point of which is earthed through a 
high resistance. Such systems are by far the most 
difScult to protect on the distance principle, and reliable 
protection can only be obtained if the section lengths 
are comparatively large. The 132-kV lines of the 
British grid are far easier to protect, and shorter sections 
are therefore permissible. 

It will be seen from the above that it is impossible to 
say what is the minimum length of a section to be pro¬ 
tected, without knowing at least the length of the adjoin¬ 
ing sections and the upper and lower limits of the fault 
currents. As a general rule 10 miles might be assumed 
for ideal conditions, and something should be added to 
this figure where the adjoining section is very long or 
the earth-fault current small. 

Voltage Gradient. 

Fig. 4 shows a portion of a line having a generating 
station at B. The broken sloping line represents the 
voltage in the transmission line. The fault is at X, and 
at this point the voltage collapses and becomes zero. 



Fig. 4. —^Effect of apparent fault position of current fed 
into line at B. 


as shown in Fig. 4 for phase faults, nor will there be such a 
kink for earth faults if the neutral point of the transform¬ 
ers is not earthed; but it will be seen below that when 
the neutral point of the transformers is earthed at several 
places, and there is magnetic phase coupling between the 
transformer windings, a similar kink occurs. It will be 
more convenient to give the explanation later on, but 
the resultant fact may be noted here that the trans¬ 
former itself becomes a source of earth-fault current 
and maintains the voltage as shown in Fig. 4, as if the 
generating plant were at B. On the British 132-kV grid 
every transformer is star-connected on the higher-voltage 
side and the neutral point is solidly earthed. The lower- 
voltage side is mesh-connected, and, therefore, every one 
of these transformers is as good as a generating station in 
helping the stability of distance protection on earth 
faults. A station with transformers only differs from a 
generating station, however, in that it gives no assistance, 
on phase faults. 

Proportion of Fault Current Contributed by 
Each Transformer. 

It might be suggested that the contribution of cun’ent 
from the station next to the fault will be insignificant if 
a large number of other stations also supply fault current. 
Examination shows, however, that this is not likely to 
be generally true. ^ Suppose that a string of stations 
feed into the same line. Let the line reactance between 
any two of them be Xi and the generator and trans¬ 
former reactance Xi. At a.ny part of such a string 
the current fed into the line is made up of the current 
supplied by the nearest station (= J^), and the sum of 
the cu^ents supplied by all the rest of the stations 
behind it (= . If the next station in the string supplies 

a current Jg, when there are an infinite number of stations 
the condition approached is:— 


Some of the fault current is fed from A, but a portion of 
it is introduced into the line at B, and, in consequence, 
the section BX carries more fault current than the sec¬ 
tion AB, and the gradient of the voltage curve (which is 
proportional to the current in the line) is steeper between 
B and X than between A and B. Any relay at A operat¬ 
ing by the ratio of the voltage at A to the current in the 
line AB will behave in its timing as if the fault were 
at X'. For the relay at A, therefore, the apparent 
fault position is very much greater than the true one. 
For the relay at B, however, the apparent fault position 
is at X and coincides with the true one if we neglect 
other causes of difference. The effect of the generating 
plant at B is, therefore, to slow down the relay at A, or, 
in other words, to increase the stability margin. Generat¬ 
ing plant at stations immediately adjoining a faulty 
section has the effect of increasing the apparent fault 
distance for relays on the sound sections, and is, therefore, 
an aid in the design of distance protective systems. If 
the fault on section BC is very near B, this benefit, of 
course, disappears. It is, therefore, not safe to reduce 
on this account the margins in the time setting of the 
relays,'. ' 

If there is no generating plant at B, but only a trans¬ 
forming station, there will be no kink in the voltage curve 


^1 _ ^1 ^2 _ (-^1 
*^2 *^3 (^1 + 

fromwliich = ZLi±vlL±ifiI 
^*2 2 
where .4 = Xj/Xj. 

If Xi is the reactance of 10 miles of line, which is 
about 4 per cent up to 100 000 kVA, and X^ is the 
reactance of 60 000 kVA of generating plant and trans¬ 
formers, which is, say, 40 per cent up to 100 000 kVA, 
then 



~ 4 



and with a string of such stations and lines supplying 
current to a short-circuit the mtio of cuirrent supplied 
by My one station to that supplied by all the other 
statiops more remote from the fault can never exceed 


— 1 -f y/Cl -h 4 X 10] 

■ 2 ,. 



Distribution OF Fault Current Between 
Conductors. 

It is easy to realize that, with a fault on One phase of a 
3-phase system, load current may be carried past the 
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fault by the two sound phases. We shall have occasion 
further on to consider the effect of this on selective 
protective gear. It is perhaps less obvious that under 
certain conditions, with an earth fault on one phase, 
the two sound phases can carry a current which is solely 
due to the fault. This cannot happen for faults between 
phases on any system, nor can it occur for earth faults 
if the neutral point is insulated from earth, connected 
to earth through reactances, or earthed at one point 
only. 

On the British grid, however, the transformers con¬ 
nected to the 132-kV lines are star-connected on the 
higher-voltage side, the neutral point of each of them 
is earthed solid, and the lower-voltage side is delta- 
connected. On such a system each transformer, whether 
connected to generating plant or not, becomes a source 
of earth-fault current, if one of the phases is earthed 
anywhere, and, moreover, on such a system the earth- 
fault current is the cause of currents in the sound 



Fig. 6.—^Distribution of fault currents between conductors 
and earth. 

phases. This will be clear by reference to Fig. 5 which 
represents two substations connected to a transmission 
line L. At the left-hand substation there is a generator 
G stepping-up through a delta/star transformer T^^ on 
to the line. The right-hand substation contains a 
transformer only, and no generating plant. An earth 
fault is supposed to occur on one of the phases on the 
line at X. For convenience, the transformers are 
assumed to have a ratio of 1 to 1. It is obvious that 
an earth-fault current a will flow in the conductor shown 
connected to earth. It will pass between the fault and 
the earthed neutral point of transformer T^ as shown by 
the dotted line. 

The other two phases of the delta winding of the 
transformer T^ form a path for the current generated 
by the generator G. So long as these phases of the 
transformer are open-circuited on the star side no current 
can flow, but a voltage will be induced in the two star 
windings of transformer Tj^, shown not earthed, the 
voltage in each being due to half the voltage of the 
generator windings. This voltage is between the earthed 
neutral and the line, and will cause a current to flow if 
a closed circuit is provided. The same voltage must 


appear between the line and the earthed neutral of 
transformer Tg, which is, therefore, magnetized and able 
to circulate a current d round its delta winding in the 
direction shown by the arrows. Tg thus behaves like a 
single-phase transformer with a short-circuited secondary. 
As three delta windings are in series the same current d 
must flow in each of them; it must also flow in each of 
the three star windings in the direction shown by the 
arrows. It follows that an earth current equal to 36 
flows through the neutral point of transformer Tg, and 
through each of the phase lines, as shown on the diagram. 
If the neutral point of transformer Tg were disconnected 
from earth there would be no path for the magnetiz¬ 
ing current in the star winding and, therefore, no current 
would flow in the delta. If the delta were open-circuited 
the transformer would be magnetized, but there would 
be no path for its current. In either case the current 6 
would disappear. This phenomenon can, therefore, only 
occur with multiple earthing of the neutral point and 
transformers having phase* coupling, such as star/delta, 
interconnected-star, or star/star connections with tertiary 
winding. 

Fig. 6 is drawn for two stations only, but any further 
transformer stations connected to the line L will con¬ 
tribute a certain amount of the a and 6 type of current, 
those containing no generating plant contributing type 6 
only to all phases, but those containing generating plant 
also contributing type a to the faulty phase. How 
much of the a and 6 t 5 ^es flow in the system depends 
on the relative amount and distribution of transforming 
and generating plant. 

As generators or transformers are connected to, or 
discoimected from, the system, the fault-current condi¬ 
tions are varied; hence the relative distribution of 
currents, due to an earth fault in the three phases of 
such a system, is not constant but is dependent on the 
operating conditions. 

Effect of Multiple Earthing on the Reactance 
OF A Fault Circuit. 

If transformer Tg were switched off on the system 
shown in Fig. 6, the fault current would be a throughout 
the circuit. Its path would be through the generator, 
the line up to the fault at X, and through the return 
earth path to the neutral point of the transformer. 
The effect of Tg is two-fold. In the first place, it reduces 
the current returning from X to the earthed neutral 
point of Tj from a to (a —26). The earth return, 
therefore, absorbs a smaller reactance voltage. In the 
second place, it introduces the current 6 in each of the 
two sound phases in opposition to current a in the faulty 
phase. This causes the line conductors to act like a 
current transformer. The two currents 6 may be said 
to help along the current a, or, in other words, to reduce 
the line reactance. For both these reasons the presence 
Of transformer Tg has the effect of reducing the reactance 
of the fault circuit. 

Analysis of Fault Currents into Leakage and 
■Balanced Components. 

The fault currents as represented in Fig. 5 do not lend 
themselves to quantitative treatment of the reactance 
I of the fault circuit, because it is not possible with this 
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method of presentation to distinguish the different re¬ 
actances of the loops formed respectively by the earth and 
the phase-wire return paths. It is, therefore, necessary 
to adopt an algebraical device in order to represent these 
currents as composed of two superimposed systems, one 
of which constitutes purely leakage and the other purely 
balanced current. A leakage current is one the return 
path for which is through the earth, whereas a balanced 
current is one the return path for which is through the 
sound phase conductors. 

It is clear from Fig. 5 that the leakage currents to 
the right and the left of the fault position X are different, 
that to the left being (a — 26), and that to the right 
being 36. In Fig. 6 the analysis of the fault currents 
through the conductors into these components is given. 
To the left of the fault position X a leakage current 
equal to — 26) flows towards X in each of the three 
conductors, while a balanced current equal to |(a + 6) 
flows towards X in the earthed conductor, and half this 


to leakage currents 1-73 ohms per mile for each con¬ 
ductor, or just under 0*6 ohm per mile for the three con¬ 
ductors in parallel, with a common earth return. This 
figure is based on experiments conducted with com¬ 
paratively small currents. The possibility must not be 
excluded that the resistance and reactance of the earth 
return path may have other values when the earth fault 
current is as great as several thousand amperes. Positive 
figures with such currents would be very difficult to 
obtain. In the absence of such data the ratio for the 
two currents must be assumed to be approximately 0*85. 

The exact figure is, further, somewhat dependent on 
the nature of the earth return path. The effect of this 
on the operation of distance protection and the necessary 
means of avoiding the resultant inaccuracies have been 
briefly mentioned by one of the authors elsewhere, but 
the matter is sufficiently important to demand more 
detailed presentation. It has been explained above that 
the impedance loop formed by a leakage current has a 



Fig. 6. 


current flows away from X in each of the sound con¬ 
ductors. To the right of X there is no. balanced current, 
but only a leakage current 6 in each of the three 
conductors. 

The reactance of the various parts of the system to 
balanced and leakage currents being known, it is possible 
to calculate the magmtude of these currents where a 
number of stations are connected to a system. Pre¬ 
sentation of superimposed currents in the form’ given 
in lOg. 6 would obviously be unduly cumbersome, but 
the figure can be reduced to a simplified diagram which 
lends Itself to more straightforward and analytical treat¬ 
ment. A description of such a method has been given 
by one of the authors elsewhere.* 


Ratio OF Reactances to Balanced and LEAKi 
Currents. 

A 5^® “y®stigation conducted by the Electrical Resea 
^sociataon and pubhshed in the Journal as cited abo 
132-kV British grid lines the reactaj 
to bal^ced cunrents is about 0 • 7 ohm per mile, ^d tl 
. G. Cai«others: 1929^ vq 2 p 


very large diameter, which is larger the greater the earth 
resistance. While, therefore, the impedance to balanced 
cuCTent is a constant figure for any given line, that to 
lea^ge current may vary. As mentioned already, the 
widest variations of possible earth resistivity have 
fo^nately no very great efiect, and so the most 
exrieme limits of the ratio of impedance to leakage 

balanced current is likely to be well 
Within the range from 0 • 7 to 1*0. 


relay nas to deal With 
^0 supenmposed currents, one of which has an impe- 
danee of 0-7 ohm per mile and the other an impedance 
hL ? mile. The resultant impedance 

^^®lative quantity of each 
cuffent, ^d as this vanes with the operating conditions 
tte impedance per mile measured by the relay is inde- 
ter^ate. Tins mdeterminateness is the cause of one 
of the errors m relay operation mentioned above as 

influencmg the apparent distance of the fault. 

apparent distance is proportional to the ratio of 
voltage commonly employed, namely that between the 

♦ Electrical Power Engineer^ 1930, vol. 12, p, 34 , 
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earthed phase and the neutral point. There are, how¬ 
ever, three possible sources of current:— 

(1) Leakage current obtained from a combination of 

current transformers, as shown in Fig. 6. 

(2) The current in the earthed phase, obtained from a 

current transformer in that phase only. 

(3) A combination of the above two currents. 

We have to consider the ejBfect of the choice of each of 
these alternatives on the apparent distance of the fault. 

Relays Operated by Leakage Current. 


station it is quite possible that the relays at this station 
will behave as if the fault were well outside the section. 
If there is little or no generating plant at the station next 
but one to the fault, or at other stations further back, 
the relays at this station will behave as if the fault were 
very much nearer than it really is. Under these <:ir- 
cumstances it is not merely probable, but certain, that 
the wrong relays will operate. 

It follows from these considerations that it is not 
permissible to supply distance relays on systems like the 
British grid with leakage current alone. 


Fig. 7 shows the possible range of variation of the 
apparent distance of the fault if the relay is fed by leakage 
current. The ordinates give the apparent impedance, 
that is, the ratio of the voltage and current fed to the 
relay. The abscissae give the ratio of current in the 



Fig. 7.—^Variation in apparent impedance to a fault to earth 
about 17 miles distant on 132-kV line at relay actuated 
by total line residual current. 

, Voltage to earth in earthed phase 

Apparent impedance- Total residml cS St- 

where I = symmetrical 3-phase impedance, 

^ = total residual current, 

G = current in earthed phase, 

r = (Impedance of 3 phases in parallel to single-phase current with 
earth return) -r (Symmetrical 3-phase impedance per phase). 


Relays Operated by Current in Earthed Phase. 

Fig. 8 shows the apparent impedance for a given fault 
position when the relays are operated by the current in 
the earthed phase. The abscissae give a similar measure 
to that in Fig. 7, except that the reciprocal is plotted in 
order that the curves may become straight lines. Here 
the apparent distance of the fault is more sensitive to 
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piQ^ 8,—Variation in apparent impedance to a fault to earth 
about 17 miles distant on 132-kV line at relay actuated 
by current in earthed phase. 
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(For explanation of symbols, see Fig. 7.) 


earthed phase to the total residual current, and are, 
therefore, a measure of the operating condition of the 
system. It will be seen that, between possible practical 
limits of operating conditions, the apparent resistance 
may vary between about 8 and about 48 ohms, for a 
given fault position. This is a sufficiently wide varia¬ 
tion to make it quite impossible to say that the relay 
behaves in any way at all as an instrument for measuring 
the fault distance. 

The apparent distance is greater, the greater the pre¬ 
ponderance of current in the earthed phase. As this is 
a measure of balanced current we may also say that the 
apparent distance is greater, the more the proportion of 
balanced current. This proportion in its turn increases 
with the amount of generating plant feeding the fault 
past the relay. The effect of generating plant is, there¬ 
fore, greatly to slow down the operation of the relay. 
If the fault is on a section adjacent to a large generating 


the quantity described as r, and is, therefore, more 
dependent on the earth resistance than in the preceding 
case. The presence of balanced current reduces the 
apparent distance of the fault, and, therefore, speeds 
up the relay operation. The more generating plant 
there is behind the relay to feed the fault, the quicker 
will the relay operate. As soon as one end of the section 
has cleared, the sound phases cease to carry current and 
the apparent distance of the fault becomes that corre¬ 
sponding to unity for the ratio of residual current 
in the earthed phase. It may be noted in passing 
that leakage current and the current in the earthed 
phase are identical for aii. open-ended section, and so 
if leakage current is fed to the relay as in Fig. 7 the 
same condition is reached as when the current in the 
earthed phase is fed to it as in Fig. 8 immediately one 
end of the section has cleared. 

The curves in Fig. 8 appear to be as bad as those in 
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Fig. 7. In practice, however, they give greater stability 
than their appearance might suggest. The relay on the 
side where there is a preponderance of generating plant 
toU he speeded up as its operating condition is to the 
left of the line for which the ratio of currents is unity- 
in Fig. 8 . In consequence it may happen that the error 
revealed by Fig. 8 may actually increase stability. When 
examples of actual systems are worked out it is found 
that the encroachment on the stability margin due to 
the flattening of the relay characteristics is not exces¬ 
sive under most operating conditions. But unfavourable 
conditions are by no means impossible. A large generat¬ 
ing station on a sound section may speed up the relays 
on this section even more than on the faulty section, and 
thus cause a false operation. When supplied by the 
current in the earthed phase only, the relays cannot in 
any way be described as proper devices for measuring 
the distance of the fault, or as stable under all the 
operating conditions that may occur. 

50r XT , 

VJ No balanced current 

^ I 

o . current in sound phases 


example chosen for the diagram the true distance of the 
fault corresponds to 12 ohms. It will be seen that with 
the most probable ratio of the impedance of the system 
to leakage and balanced currents, namely r == 0 * 85, 
perfect compensation can be achieved, the fault position 
being entirely independent of the operating conditions 
on the system. Even if the ratio r varies between the 
widest possible limits, the error in the apparent fault 
position is insignificant. This method of combining the 
balanced and leakage currents has been called “ residual 
compensation and has been adopted on certain parts 
of the British grid. 

Fig. 10 illustrates diagrammatically how the relays 
must be connected to give residual compensation. The 
residual current from the right-hand set of current- 


current transformers 
for protection 


Current transformers for 
--Pf^'^ection and instruments 
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Fig. 9.—Variation in impedance to a fault to earth distant 
about 17 miles on 132-kV line at relay actuated by com- 
pensated current. 

Apparent impedt^nce i= eartli in earthed phase 

Compensated current 
_Tr 3c4.(3r-m i 
\ Sc + l-56d / 

(For explanation of sjonbols, see Fig. 7.) 

As this method of working distance relays is reason- 
ably stable, it is being adopted on several parts of the 
British grid. Calculation shows that the ma.vim.im 
error thus introduced is within the margins allowed, 
but at the same time this error may possibly be the 
^eatest of all those enumerated in the earlier part of j 
this paper, and its elimination is, if not absolutely 
necessary, at least very desirable if a high degree of 
accuracy is aimed at. 

Relics Operated by a Combination of t.v.a-r-aciv 
Current and Current in Earthed Phase. 

Whereas the presence of balanced current reduces the 
apparent distance of the fault if leakage current is 
employed alone, it increases it if the current in the earthed 
phase is employed alone. From this it may be inferred 
-bat t^ employment of the two currents in the coixect 

on will cause these.opposite effects to cancel out 

lows the result obtained by doing this. In the 


^Residual 
- compensating 
transformers 


I fo?earth faults 


Impedance relays for earth leakage ~ ^ ^ - 

Fig. 10.—Residual compensation for earth-leakage impedance 
relays. 

transformer secondaries circulates through the primary 
windings of the three residual current transformers in 
series. The secondaries of the residual current trans¬ 
formers are connected one to each of the three left-hand 
current-transformer secondaries to combine with them 
m supplying current to the relays. 

Calculation of Tuhns Ratio for Residual 
Compensation. 

The ratios of the residiaal-current compensating trans¬ 
formers for the 132-kV lines of the Central Elecbdcity 
Board are calculated as follows:— 

Line reactance to symmetrical 3-phase 

current per mile per phase . • == 0 * 7 ohm. 

Line reactance to residual current per 

‘ mile per phase ,. .. .. 1.73 ohms. 

Line current == residual current balanced current. 
Residual current = 3 (leakage component per phase). 
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If the balanced current in the faulty phase is and the 
leakage current in the faulty phase is Ii, the operating 
force should be proportional to 

0*7/6 + 1*73/^ 

If q is the compensating transformer ratio, the operating 
force will be proportional to 

(Ij + Ii) -h 

or (/ft + Ii) {Zq + 1) 

so that to give the correct operating force 
3q+ 1*73/0*7 

or g = 1*03/2*1 = 0*49 


Arc Resistance. 

A portion of the fault circuit may be an arc. The 
resistance of this, added vectorially, forms a portion of 
the total impedance of the fault circuit and makes the 
apparent distance of the fault greater than the true 
distance if the protective system is of the impedance 
type, but not if it is of the reactance type. It is not 
loiown at all closely how great is the error due to this 
cause. There is reason to believe that arc resistance 
may be great with small currents but that it falls rapidly 
as the current increases. Its value may depend on many 
other circumstances, such as whether the arc is struck 
between horizontal or vertical contacts, or whether it 
occurs in still air or in a wind. The amount of generating 
plant sustaining the arc may have an influence, as may 
also the time during which the arc persists'. 

The effect of arc resistance is to increase the apparent 
distance of the fault on all sections. It does not reduce 
the stability of the system as much as other sources of 
error may do, which increase the apparent distance on 
some sections and reduce it on others. Arc resistance 
would move all points of the relay characteristics on 
all the sections of Fig. 1(6), for instance, by almost the 
same constant amount to the left, leaving the margins 
between them not seriously affected. The effect is not 
quite uniform on all sections, because 1 ohm represents 
a greatei: relay time on a short section than on a long 
one, and so stability, is to some extent impaired'when 
sections are of unequal length. Even if the practical 
effect of a. high arc resistance is not that it necessarily 
makes the protection unreliable, it always increases the 
clearance time. 

Source OF Potential. 

On systems up to 33 kV, potential transformers are 
comparatively simple and inexpensive, and it is best to 
employ these as a source of voltage to the distance relay. 
For high voltages, however, the cost of potehtial trans¬ 
formers becomes a serious item. As the relays can 
operate with very small currents, it is possible to employ 
potential transformers working on somewhat different 
principles from those employed for working meters or 
instruments. Some of these employ the principle of 
capacitance coupling. They are cheaper and reasonably 
accurate down to the low voltage which may occur under 
fault conditions. The cost of such potential couplers 


can be avoided at the sacrifice of some accuracy if the 
potential is derived from the lower-voltage side of the 
power transformers. 

There would be no objection to this source of potential 
if it were truly proportional to that on the line side. 
If, however, the transformer is helping to feed the fault, 
and, therefore, stepping up to the line voltage, the poten¬ 
tial on the lower-volt age side, reduced to a 1:1 trans¬ 
formation ratio, will be higher than that on the line side 
by the voltage-drop in the transformer. Power will be 
fed to the fault in all cases if there is generating plant at 
the stations, and we have seen above that on earth 
faults transformers with multiple earthing of the neutral 
point carry fault current even when not connected to 
generating plant. If uncorrected, a source of voltage 
derived from the lower-voltage side of the transformers 
would greatly increase the apparent distance of the fault. 
It is necessary to subtract from the voltage supplied to 
the relay an amount proportional to the fault current in 
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Fig. 11.—Voltage transformer on input side of transformer 
compensated to give voltage proportional to voltage at 
output terminals. 


the transformer, and, therefore, proportional to its 
reactive drop. This is done by an auxiliary winding fed 
through current transformers. The reactance of the 
transformers varies somewhat with the tapping position. 
To allow for this is a refinement, as the error under 


practical operating conditions is not great. It can be 
done if the compensating circuit contains an impedance 
with tappings coupled to those on the power transformer, 
so that as the transformer ratio is varied more or less 


impedance is inserted in the compensating circuit. 
The arrangement is shown diagrammatically in Fig. 11. 
It is hot found possible to compensate without a small 
error. If the enror is one of under-compensation, the 
apparent fault distance is increased. If there is over- 
compensation the apparent fault distance may with 
some, but not with all, protective systems, become 
negative. The relay wiU behave as if the fault were 
behind it and will not operate. It is, therefore, essential 
to under-compensate rather than to over-compensate. 
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The danger from over-compensation is avoided if 
connections to the potential element are such that the 
relay always receives its voltage from the sound phase, 
^e varying ratio of the power transformers also affects 
the requisite amount of compensation, but the error 
caused in the apparent distance of the fault by neglecting 
this is not very great and its practical importance may 
be ignored without encroaching too much on the stability 
margin. 

The compensation introduces both a ratio and a phase- 
angle error into the voltage supplied to the relay. The 
former error is not very great. It is the only one of the 
two that is important for impedance protection. The 
phase-angle error is, however, far greater. It affects 
the accuracy of reactance protection, which for this 
reason cannot so easily be worked with compensated 
voltage as an impedance system. 

Limitations of Distance Protection. 

The cheapness of distance protective systems justifies 
toeir employment wherever it is technically possible. 

1 his IS not, however, by any means equivalent to saying 
ttat they are a perfect solution of the problem of selec¬ 
tive protection. It has already been seen that the large 
number of indeterminate factors controlling fault currents 
hunts the length of line that can be safely protected by 
suchs 5 retems. j r y 

Even where the length of line section and magnitude 
of the fault currents is such as to make distance projec¬ 
tion possible, the disadvantage of the time delay in the 
clearance of faults remains. 

PART 2. PROTECTIVE SYSTEMS DEPENDENT 
ON DIRECTION OF FAULT CURRENT. 

Protection Depending on Directional Relays. 

To a,void ^e drawbacks of long clearance times 
inherent m distance protection without too great an 
expenditare in pilot cables, systems have been developed 
during the last few years which make use of a different 
s^mfic feature of a faulty section. This is the fact 
that fault current is fed into such a section at one 
end and does not leave it at the other. On all these 
systems operation is effected by means of directional 
Md overload relays, and means are required to compare 
the positions of the directional relays at each end of the 
section Such me^ demand a channel of communica- 
tmn, w^ch may either be a separate pilot circuit or a 
Chanel provided by carrier current over the power lines. 

The fundamental idea underlying all such systems is 
by no means new. It was suggested by Dr. Garrard as 
long ago ^ 1908,* but, like many fruitful ideas, it lay 
aormant for a long period. 


Nature of Pilot Circuit. 


for balanced protection and those employed on syst4is 
smg directional rela 3 rs, is that in the former a quantita- 
ive companson of current or voltage must be made by 
tte pffot, whereas in the latter the pilot need only trans¬ 
mit the message, whether a directional relay is in one Or 

* Journal vol. a, p. m. 


the Other of two possible positions. This greatly lightens 
the demand on the pilot wire. An impulse such as a 
small direct current of the type used in telegraphy will 
suffice for the* transmission of the necessary message. 
This can be sent over a single wire with earthed 
return at a voltage no greater than is needed for tele¬ 
graph purposes. If a pilot wire is used it can, therefore, 
be lightly insulated and of small cross-section. Its 
resistmce or electrostatic capacitance may be high or 
low without affecting its serviceableness. 

Duplex Protection. 

Two protective S37stems depending on the employment 
of directional relays and an inexpensive auxiliary circuit 
have already been described in the Journal.* These 
are known respectively as the " lock-in ” and the “ inter¬ 
lock ” systems. 

A third system, known as the " duplex,” has not been 
described before in the Journal. It is not the purpose of 
this paper to describe protective gear but only to discuss 
the bearing of the circuit conditions on the problem of 
selective protection. A brief description of fundamental 
principles will serve this purpose, and as the duplex 
system has not been described before this may serve 
to illustrate the points requiring particular attention in 
the design of any system employing directional relays. 

The duplex system employs methods well known in tele¬ 
graph work but less familiar to power engineers. For 
these latter, a description of the way in which a system 
originally devised for the transmission of rapid signals 
can be applied to the totally different purpose of selective 
protection, may be of interest. 

While the signals transmitted by other protective 
systems employing directional relays are stabilizing . 
impulses confined to the sound sections, the signals 
transmitted on the duplex system are tripping impulses 
and are, therefore, transmitted over the rhaTinAi of 
communication on the faulty section. This more direct 
inethod makes it possible to obtain instantaneous 
c earance, as with balanced pilot protective systems, 
whereas those systems employing a stabilizing impulse 
have to introduce a time-delay of sufficient length to 
ensure that the stabilizing impulse has taken effect 
before the tripping relays are allowed to operate. 


Development of the Duplex SysUm. ' 

It will be easier to understand the principle of opera¬ 
tion if an alternative system which might be considered 
to be a prehminary stage in the development of duplex 
protection is described. This is shown in Fig. 12 It 
employs two pilot circuits instead of the one employed 
by duplex protection in its present form. The tripping 
circuit at each station is normally kept open by two 
pairs of contacts in series with each other. One of the 
breaks in the tiipping circuit is closed by a directional 
relay at the station itself, and the other is closed when 
a signal is received over one of the two pilot circuits. 
This signal is transmitted from the remote station when 

the directional relay contacts at that station close. Each 

station, therefore, has, in addition to its directional relay, 
one relay for transmitting a signal to the remote station 

H. W-also 
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and one relay for receiving a signal from that station. 
Whenever current is fed on to the line from both ends, 
the directional relays at both ends close their contacts, 
each thereby causing the second break in the tripping 
circuit at the remote station also to close its contacts. 


relays “ x and x'which open with excess current. 
At the dead-ended ** section there is no current to 
operate the relays “ x'' or “ x'.” Supposing that station 
B is the dead-ended one, there is no current to open the 
contacts of relay x' ** or to close those of ‘‘ y',” The 



The tripping circuit is thereby completed at each end of 
the section, and the section is cleared. 

Protection of a ** Dead-Ended Section. 

Apart from the defects arising from the employment 
of two pilot circuits, this method has another defect, 
namely, tripping cannot take place unless current is fed 


tripping circuit contains only one break, and the trip 
coil is energized as soon as the signal is received from 
station A. This signal closes the contacts p'.'* If 
this signal were received whenever the directional relay 
contacts ** y** closed, the station B would be cleared 
with the ordinary load current fed to the section. It 
is therefore necessary to ensure that relay p'at 



from both ends to a fault on the section protected. If, 
therefore, the section were a “ dead-ended ” one having 
no generating plant to feed the fault at one end, it would 
not be cleared. This difficulty is absent from systems 
employing a stabilizing impulse, where the failure of a 
dead-ended section to provide such an impulse is in 
itself sufficient to ensure clearance. How this difficulty 
is overcome with the duplex system will be seen in 
Fig. 13. In this figure the directional relay contacts 
" y'* and *' y'are normally bypassed by overload 


station B can only be energized when the current fed 
from station A on to the section is a fault current; that 
is, in excess of the load current. To ensure this, relay 
z is introduced into the circuit, energizing the relay 
and sending a signal over the pilot. This is an oyerload 
relay which closes its contacts with overload. Any 
system depending on the successive operation of relays 
must be so designed that the sequence of operations is 
positively determined. For instance, on a growing fault 
or where the fault current is near the setting of the over- 
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load relays, the danger that the operating relay may 
work a little more readily than the stabilizing relay and 
lead to a false operation has to be avoided. This 
contingency is made impossible by giving the z 
relays a higher setting than the ** x relays. 

The closing of contacts p' ” at station B completes 
the circuit through the coil, energizing the relay at B 
which sends its tripping impulse to station A, and it 
therefore causes relay p'' at station A to close its 
contacts and cause tripping there. 

If station B can feed fault current, the relay contacts 

X open and ** y' ” and 2 .* ** close, and tripping 
occurs at both stations simultaneously. If station B 
cannot feed fault current, the relay contacts “ x' remain 
closed but ** y"* and “ z"* remain open. Station B 
is cleared immediately and station A thereupon clears 
in quick succession. 


bottom half of the differential relay is enex*gized from the 
local battery, but an alternative path for the current 
from this local battery is provided through the upper half 
of the differential relay in the opposite direction, through 
the pilot wire and through the upper winding of tlxe 
differential relay at the remote station. As the current 
divides equally in opposite directions through the local 
differential relay, this is not energized. The current 
flows in one direction only through the remote differential 
relay and energizes this. In that way the differential 
relay at the remote station receives a signal to close its 
contacts, while the current through the same pilot does 
not close those at the near station. If, however, at 
both stations A and B the sending relays are energized, 
the battery voltages are in opposition through the 
circuits completed through the upper portion of the 
differential relays, whilst at each station a local circuit 



Contacts of three groups of three 
single-phase relays ^ 


Ov-er-current closes contacts 


opens 


Power to section protected closes con tacts i—» 


Three-phase transmission lines 

stSrA~" __ 

Fig. U.—Duplex protective apparatus for 3-phase transmissio^ I^e".^ 



r^istance shown in Fig. 13 is necessary 
sufficient operating current flows throu^ 


z. 


The Duplex Principle, 

Fig 14 shows further modifications necessary ( 1 ) in 
wder to employ a single pilot circuit of such ^naiure 
^t Its vulnerabffi^ does not jeopardize the reliability 

of tte s^tem, and (2) in order to apply tbe system to a 
3-phase transmission line. ' <= sysrem to a 

The first requirement is met by employing over the 

pfiot ^re a signalling system such thft sffis bSi ^ 

Sr in opposite directions oSr the same 

cmcmt. As long as the sending-relay operating coil is 
not energized, the contacts remain in theirtewer TOsition 

?hiSSS — “ differential re^ay,' 

IS energized and its contacts are in the upper positiL,-the 


through the lower portion of the differential 

conditions each differential relay 
closes its contacts. ^ 

compensator is to introduce a 
the bottom 

current tbrr.* h ensure that the 

innT * two portions will divide equally as 

lo^^^ no signal is being received from the far end ^ 

teleSnSr® with that employed for duplex 

telegraph signals are sent in opposite 

Effect OF Severance of Pilot Wire. 

It IS obvious that in systems using stabilizing im- 

SSSnHhT^if^ to the section 

rrying the fault, cannot prevent proper operation of 
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the gear. The same is true of the duplex system, as 
at the moment when signals are being transmitted in 
opposite directions over such a system the pilot circuit 
itself is carrying no current. If the pilot circuit is severed 
at that time, the correct operation of the protective 
device will take place just as if the pilot were there. 

If the pilot is severed and there is no fault, the sending 
relays at both ends are not energized and again the pilot 
carries no current. Therefore no false operation can 
occur owing to severance of the pilot. Should, however, 
the pilot wire be severed on a sound section at the time 
when a fault occurs on another part of the system, 
there is the possibility that the sending relay at one end 
of the section having a severed pilot would be energized 
and cause tripping at that station. 

The contingency that a pilot is severed at the same 
time as a fault occurs elsewhere is very remote if the 
pilot is inspected at reasonable intervals. In this remote 
contingency the only drawback is incorrect tripping of 
one section only. The remote possibility of a severed 
pilot wire causing a false operation, and the compara¬ 
tively small amount of trouble occasioned by such a 
contingency, justify the adoption of a more vulnerable 
form of pilot cable than is permissible with protective 
systems on the balanced-current principle. 

Pilot Earth-Wire. 

The auxiliary circuit which appears both technically 
and economically to be the most promising, is a copper 



Fig. 15.—Section of pilot earth-wire 
(twice full size). 

wire embedded in the earth wire with the earth as return 
path for the d.c, signal. Exhaustive and prolonged tests 
with dijBEerent types of such pilot earth-wires have shown 
that the most suitable design is that illustrated in Fig. 15. 
It consists of a soft, annealed, cambric-insulated 
copper conductor lead-covered and surrounded by the 
steel stranding of the earth wire. 

Early experiments showed that it is very important 
•to Tnaiu tain an absolutely uniform diameter over the 
lead and for the galvanized-steel wires to be wound 
very tightly round it. If this is not done the earth 
wire will stretch after erection. The maximum stretch 
of a properly-constructed pilot earth-wire can be limited 
to 0*03 per cent after stringing, and this is too small to 
have any material effect on the sag. 

Effect of Current Fed Past the Fault. 

When applying to a 3-phase system any protective 
system employing directional relays, a difficulty is 
introduced by the uncertainty as to the distribution and 
direction of currents in the three phases. It is quite 
possible that on any section of the transmission system 
on the, occurrence of a fault, current may be in one 


direction on the faulty phase or phases and in the 
opposite direction on the sound phase or phases. If, 
therefore, a single-phase directional relay is introduced 
into each of the phases and each of these is able to 
transmit a tripping or stabilizing signal to the remote 
station, it is certain that a number of incorrect signals 
will be transmitted all over the network. 

With duplex protection this would result in a whole 
group of false operations, and with systems employing 
stabilizing impulses it would prevent clearance of the 
fault. 

If a 3-phase directional relay is employed, there is 
less certainty of incorrect operation or failure to clear. 
Such a 3-phase relay would operate by the difference 
between the fault current, which is' always fed in the 
direction of the fault, and any currents wMch might be 
fed away from the fault. As a general rule, the pre¬ 
ponderating current is in the direction of the fault, but 
it is found by calculation that this is not necessarily 
the case on every line. Even when it is the case, the 
operating force on the directional relay is reduced by any 
currents in the sound phases fed away from the fault, 
and its operation is thereby rendered more uncertain 
when the voltage is very low, as it is bound to be during 
the fault. 

In a recent development of the “ lock-in ” system this 
difficulty is overcome by the employment of a 4-element 
directional relay. Three of the elements react to the 
direction of power between phases, and the fourth to 
the direction of power to earth. The latter is designed 
to be far more powerful than the other three, so that it 
may overcome the effect of any power in the phase 
wires fed past the fault. 

The interlock and duplex systems employ for the same 
purpose single-phase directional relays only, so con¬ 
nected that the directional relays on the sound phases 
are rendered inoperative and those on the faulty phase 
take charge. The solution employed in the duplex 
system is embodied in Fig. 14 and will serve to illustrate 
how this purpose may be achieved. 

The principle underlying this method of employing 
directional and overload relays is that any current 
greater than the normal load current is invariably fed 
towards the fault. On any phase on which such a 
current occurs the overload of the '^ x" group will 
open, and it will depend on the direction of the current 
whether or not the corresponding directional relay in 
group ‘‘ y'' closes its contacts. The necessary circuit 
to indicate a fault in the direction of the protected 
section can only be made, therefore, if fault current is 
fed in the faulty phase in the requisite direction. The 
groups of relays '' x/' and -^/ y" function as phase- 
selecting relays. 

The " z '' group of coils are all connected in parallel, 
as it is possible that the overload may be on one phase 
only and it is essential that on whichever phase it occurs 
the station shall send the necessary signal to the remote 
station if its; directional relays are set to send such a 
sign^.' ‘ 

Effect OF Reversal OF Current. 

On a ring main it is possible that the current in a 
given section may reverse as sbon as a. fault is cleared. 
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because during the fault the direction of current will be 
tow^ds ae fault but after clearance the direction wiU 
be that of ^e load current and may be opposite to the 
direction of ^e fault. In such a case the directional 
rela,ys at both ends of the sound section will alter their 
positions as soon as the fault is cleared. If those at 
one end close to indicate flow of power towards the 
section before those at the other end have opened to 
indicate flow of power away from the section, there is a 
rwk that such a section may clear. To avoid this the 
check relay shown in Fig. 14 is introduced. 

As long as the relays at the station are set to trip 
i.e. ^ long M there is a circuit through groups " x ” or 
^^erential relay is closed, the battery 
current through the check-relay energizing coil passes 
f f directions through the upper and lower halves 

and therefore does not energize this relay. If, however 
a ripping si^al is received from the remote station 
causing iie differential-relay contacts to close while the 
circmt IS broken through the relay groups " x " and “ v ” 
only the upper portion of the check-relay winding is 
enwgized. This is opened, introducing, therefore, a 
further source of stability in the tripping circuit. This 
check relay is so connected that in opening it cuts off 
the battery from its lower half and is therefore not able 
to reclose until the differential relay reopens its contacts. 

PART 3. EMPLOYMENT OF THE SYMMETRICAL 

A™V0L?aS 

Voltage Supply to Directional Relays. 

The niost ^ual form of directional relay operates under 
the combmed action of its current and voltajs coils, which 
are supplied from current and voltage transformers in 
circuit with the protected feeder. For correct operation 
voltLr^®* ^ ^ sufficiently large component of the 
•“ current. This cannot be 

« ^“^^^bly. During a fault the voltage on the 
p^se or phases caning the fault current may be too 
-u-T+a ensure operation, and even when there is ample 
available its direction may not be such as^to 
requite component to operate the relay. The 
making the currLt and 
been completely analysed by 
G. E. Taylor.* He shows that under tL most 
^ element of uncertainty remains 
fffin predicting the phasTrelation- 

ship between the currents carried by the current and 

voltage wmdmgs of the relays under all types of short- 
circuits. oALi-iic 


Distortion of Vector Diagram. 

„ ® because during a fault the three phases are 

neither equal nor displaced at 120° to each other as 
ttey are drning normal operation on balanced load. 

Srea.iex is the collapse of voltage 
on^e faulty phase or phases, and the greater the distoi 
taon from symmetry of the voltage diagram. Except 
for a synmetecal 3-phase fault, the diStion is n?t 

accomparued by a proportional reduction in the size of 


the vector diagram representing the voltage. There is 
plenty of voltage left, only it is not necessarily in the 
right direction to ensure correct relay operation, if the 
most usual method of connection is retained. As dis¬ 
tortion of the vector diagram is a characteristic of a 
fault, and is moreover the more pronounced the nearer 
the fault, it can be employed as a means of operating the 
protective relays. They must be arranged to respond 
to something which is a measure of the distortion. To 
some extent the voltage-drop is such a measure, though 
a very imperfect one. The difference between this 
qu^tity (the voltage-drop) and the normal voltage is 
used m distance protection when the voltage remaining 
^ter deducting the voltage-drop supplies a restraining 
force which is less the nearer the fault. For the satis¬ 
factory operation of directional relays it is desirable to 
find a measure which will be the greater the nearer the 

^,7 V operating force 

which depends directly on the departure of the distorted 
vector diagram from a symmetrical 3-phase diagram. 

Analysis of Vector Diagram into its Symmetrical Com- 
ponents, 

Mr. C. Le Geyt Fortescue* has given a means of express- 
mg this departure in convenient terms. He has shown that 
any uns3mimetrical 3-phase diagram can be represented 
as the superposition of three S3anmetrical systems;_ 

(1) A symmetrical 3-phase system of forward ptias '^ 
rotation, known as the positive phase-sequence 
components. 

(2) A S3mimetrical 3-phase system of reverse phase 
rotation, known as the negative phase-sequence 
components. 

(3) A single-phase S3^tem consisting of equal and 
equi-directional currents in each of the three 
conductors, known as the zero phase-sequence 
components. 

The first of these S3rstems is the only one present during 
normal operation on balanced load. The magnitude of 

systems is a measure of the 
distortion due to the fault currents. 

Employment of Zero Phase-Sequence Components. 

On earth faults the zero phase-sequence component is 
present and constitutes the whole of the earth-fault 
current. It is the direct and only cause of the displace¬ 
ment of the neutral point of the voltage diagram. This 

d^placement vector is large and its direction determinate. 

It IS eitlier m phase or 180° out of phase with the zero 
pha^-seque^e current, according to the direction of 
tne fault. The zero phase-sequence, variously described 

as spillover," " residual,” or »leakage current," is an 
Ideal supply to protective relays and is used in many 
forms of earth-leakage protection. It can also very 
readily be used for directional protection. Where a 
power transformer with earthed neutral is available, the 
relays may be supplied from current transfoimere in 
the neutral connection. If, as on the British grid, the 
neut^pomts of the power transformers are earthed at 
all stations, the neutral earth current is considerably 
greater at stations adjoining the fault than at more 

• 1918, vol. 3^ 
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remote stations, on account of the greater displacement 
of the neutral of the voltage diagram. The directional 
relays, therefore, receive the greatest operating force 
where they need it most. If there are no power trans¬ 
formers with earthed neutral points, the directional 
relays may obtain a supply proportional to the zero 
phase-sequence voltage or neutral displacement from a 
potential transformer with earthed neutral and an inter¬ 
connected-star or auxiliary delta winding. Whether 
derived from a power or a potential transformer, the 
neutral earth current is a measure of the zero phase- 
sequence voltage, while the earth leakage current is 
proportional to the zero phase-sequence current in both 
direction and magnitude. 


Employment of Negative Phase-Sequence Components, 

On faults between phases there is no zero phase- 
sequence component. The distortion is entirely due to 
the negative phase-sequence component. The nearer 
to the fault, the greater this is. It may appear surpris- 


C-c^+c'-O il (i) 

A~ 0L*+- -J? " “A 


(ii) 


Positive phase sequence Negative phase sequence 

Fig. 16.—Example of resolution of asymmetrical 3-phase 
current into balanced 3-phase components. 




(i) Three-phase circuit with equal and opposite current in phases A and B, 

and zero current in phase C. 

(ii) and (hi) Analysis of currents in (i) into symmetrical components of current. 


It is always possible to design a 3-phase network that 
will contain two equipotential points if a symmetrical 
3-phase voltage is applied, and where the same two 
points will not be equipotential if the direction of rotation 


A 



Fig. 17.—^Network containing 3 equipotential points with 
symmetrical 3-phase current supplied to points A, B, 
and C, with negative phase rotation. 


of the applied voltage is reversed. A relay connected 
across such points will, therefore, carry a current pro¬ 
portional to that in the reversed system. 



ing that the purely single-phase current appearing on a 
fault between phases may be represented as consisting 
of two 3-phase currents. Fig. 16 shows the reason for 
this. The fault is between phases a " and b.'’ The 
current in each of these conductors is seen to be the 
resultant of two currents making an angle of 60® with 
each other, while the currents in the conductor are seen 
to be equal and opposite a,nd thus to cancel out. 

Negative phase-sequence components are to faults 
between phases what the zero components are to earth 
faults, although it should be noted that under earth- 
fault conditions there is always a negative phase- 
sequence component present. The negative phase- 
sequence components offer the obvious source of supply 
to directional relays for phase-to-phase faults. It seems 
regrettable that they are not more extensively used. 
There are many possible ways of connecting the relays 
to the instrument transformers so that they may respond 
only to these components. These methods all require 
circuits containing resistance and inductance. Some 
circuits contain capacitance as well. The basic principle 
of them all is simple. 

.VOL^7I. 



Fig. 18 .-—Duplex protective relays with predetermined 
order of precedence. 

(«) Overload and earth leakage. 

(6) Asymmetrical components. 

Fig. 17 shows one of the many possible methods of 
connection. This particular one was described* by 
R. Dubusc, who has contributed largely to the employ¬ 
ment of the nega.tive phase-sequence components for 
protection. ^ . 

* Rmte Giniraie d$ V£lectriciUt 1927, voL 22, p. 298. 

■ 46 
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Directionaj. Protection. 

By an elaboration of the method of connecting the 

X and '' y ** groups of relays shown in Fig. 14, the 
protective system may on occasion be restricted auto¬ 
matically to relays operating under one or other of the 
symmetrical components of current in the line. 

Fig. 18(a) shows a combination of directional and 
overload phase-selecting relays in which the middle pair 
is designed to take complete control of the circuit, 
irrespective of the action or non-action of the outer two. 

Generally, the outer two would be operated by ordinary 


single-phase over-current and directional relays, and the 
middle pair by residual current and directional residual 
current. If a residual current enters the section pro¬ 
tected, the upper contacts are broken and the lower 
contacts close and bridge across the other two, thereby 
bypassing them. If the leakage is in the opposite 
direction the circuit is kept open by the upper contacts. 

As a further elaboration, a group of three relays can 
be given a definite order of precedence up to any number. 
Fig. 18(^) shows three pairs designed to operate on 
residual current first, negative phase-sequence current 
second, and positive phase-sequence current third. 


[The discussion on this paper will be found on page 721.] 
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Summary. 

The principal cause of inconsistency in the short-circuit 
performance of oil circuit-breakers is considered to be the 
erratic movement of the oil. Quick-break circuit-breakers 
are advantageous for the higher voltages, and still further 
improved performance and consistency is obtained by the 
use of suitably-designed contact shrouds. Reference is made 
to published tests on some of the recent designs. The prin¬ 
cipal features of design affecting arc rupture are briefly re¬ 
viewed and are followed by notes on the causes and effects of 
the magnitude and the rate of rise of recovery voltage. 

The importance of short-circuit testing is emphasized, and 
a plea is made for facilities for testing on site. A description 
of short-circuit testing arrangements is given, including a 
detailed description of the oscillograph equipment; also 
general notes on the calculation of 3-phase kVA. Reports 
are included of recent short-circuit tests carried out on oil 
circuit-breakers fitted with a new type of shrouded contact. 
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(6) Short-circuit Testing. 

(а) General. 

(б) Short-circuit test arrangements. 

(i) The short-circuiting switch. 

(ii) The oscillograph. 

(iii) The travel indicator. 
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(a) The oscillograph. 

(b) The pressure-measuring device. 

(1) Introduction. 

The oil circuit-breaker was introduced at a time when 
the gradual use of higher and higher voltages rendered 
it increasingly difficult to confine in a reasonable space 
the arc obtained from the air circuit-breakers of those 
days. The higher insulation value of oil enables the 
permissible break to be reduced and, within the capacity 
of the breaker, avoids external arc or flame. These 
two factors ensured the popularity of the oil circuit- 
breaker. 

The concentration of power plant and the extensive 
interconnection of supply systems • necessitated close 
investigation into the operation of oiT circuit-breakers 
under fault conditions, and active study of the con¬ 
ditions surrounding the rupture of an arc, but the subject 
proved very complex, and progress was slow. Still the 
art progressed surely, as any art must when it is actively 
pursued in the leading countries of the world. 

Apart from increasing the mechanical strength of 
breakers, improvements in design were made with the 
object of reducing the arc energy, arcing time, and 
overall switching time. These improvements were, in 
the main, concentrated on the design of contacts in 
order to obtain increased thermal capacity, more efficient 
contact when passing large currents, and a quick-break 
opening action. Research is being continued actively to 
make more efficient use of the material available, and 
lately much attention has been paid to the phenomena 
accompanying the interruption of high-power arcs, both 
in air and in oil, and this has led to a marked improve- 


(4) Certain Design Features. 

[a) Air volume. 

(&) Head of oil. 

(c) Vents. 

(d) Shape of tank. 

(e) Contacts. 

(/) Contact pressure. 

(g) Number of breaks in series. 

\h) Speed of break. 

[j) Arcing time. 

(^) Electromagnetic forces on the arc. 

(6) Certain System Features. 

(а) Recovery voltage, 

(б) Rate of rise of recovery voltage, 

(c) Sequence impedance. 
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ment in performance obtained by the introduction of 
certain novel features. 

The essential problem is to separate two (or more) 
metal contacts and to fill the intervening space with a 
good insulating medium as quickly and as consistently 
as possible. Why is the action so inconsistent and what 
are the principal factors that determine success or failure ? 

Inconsistency of Action. 

It has often been suggested that the oil itself is the 
principal cause of inconsistency. As the contacts 
separate, an arc is formed which breaks up a portion of 
the oil into its constituent gases. A detailed analysis 
of the physical changes and the energy balance-sheet 
involved has been given by C. E. R. Bruce.* The pro¬ 
duction of the arc bubble sets up a sudden hydrostatic 
pressure which is transmitted in all directions. Thus 
in a 3-pole double-break oil circuit-breaker of the con¬ 
ventional type having a common tank, there are during 
the arcing period six arc bubbles producing pulsating 
hydrostatic pressures which are not only of different 
phase, but are reflected irregularly from the various 
surfaces of the tank and obstructed unequally by one 
another and by other obstructions in the tank. It is 
difficult to conceive the possibility of a regular and 
consistent movement of oil under such conditions, 
particularly since there has to be provided an air expan¬ 
sion chamber as one boundary of the oil. Thus it is no 
longer a wonder why a simple oil circuit-breaker is so 
inconsistent in its behaviour, but rather a matter of 
surprise that its performance should not show greater 
divergence. 

It is proposed to review briefly and in simple terms 
the physical action in an arc, to compare some of the 
more recent types of circuit breakers with those of the 
conventional pattern, to consider certain features of 
construction and of operation that affect the behaviour 
of the circuit breaker, to review some of the aspects of 
short-circuit testing, and finally to give the results 
obtained from short-circuit tests on one of the new 
types of circuit breakers. 

It is only possible to refer briefly to many of these 
features and to describe some of the recent designs, 
particularly those on which the authors have personal 
knowledge and those of which data have been published. 

It is realized that this cannot cover adequately the whole 
field of oil circuit-breakers, but it is hoped that even a 
general and necessarily incomplete review of this nature 
may stimulate discussions of the problems, and also 
lead to some definite action which may be of mutual 
advantage to the whole industry, 

(2) Phenomena IN an A.C. Arc in Oil. 

■ The arc is explained as a stream of positive and negative 

ions passing between electrodes in a gaseous space. The 
stream of ions is maintained by the potential gradient 
across the contact gap. Within this space there is a 
production of ions by emission from the hot electrodes 
and by collision, and a loss of ions due to recombination 
and dispersion. The arc wiU be maintained so long as 
tte production of ions is greater tha,n the recombination. 

In this paper the a.c. arc only is being considered, and 
^ * Journal IJSJB., 1931, vol. 69, p. S&7, 


the arc phenomena will be periodic. The natural passage 
of the current through zero forces a periodic arc extinc¬ 
tion of twice the frequency of the a.c. current. With 
the current approaching its passage through zero the 
rate of production of ions is decreasing to a minimum 
at the instant of current zero. At some instant before 
current zero the rate of recombination of ions may 
become equal to the rate of production and thereafter 
exceed it. From this instant the mixture of gas and 
meta.1 vapour in the contact gap must become less con¬ 
ductive and attain increasing electric strength. The 
potential gradient building up across the contact gap, 
due to the recovery voltage across the circuit-breaker 
terminals, will increase the production of ions and may, 
together with thermal ionization in the still hot gases/ 
be responsible for a higher rate of production than the 
rate of recombination, thereby leading to a re-establish¬ 
ment of the arc until the next passage through zero 
current. When the rate of recombination is sufficient 
to produce, in the available short interval of time, an 
electric strength of the contact gap that will withstand 
the maximum potential gradient applied, then arc 
rupture will be complete. The action has been aptly 
described as a race between the building-up of the 
insulation and the recovery voltage. 

It is^ evident that the aim should be to facilitate 
recombination and dispersion and if possible limit the 
production of ions, due particularly to thermal ioniza- 
tion in the gases, at the instant of zero current. Recom¬ 
bination and dispersion of ions can be facilitated by 
turbulence of the arc gases, and by intermixing with 
the surrounding cold oil. A limitation of the production 
of ions may be effected by rapid cooling of the arc gases, 
thereby reducing the chance of self-ionization of the 
gases due to high gas temperatures. 

The quantity of gas generated increases with increasing 
arc energy. The increase is not solely determined by the 
arc energy, as the contact design and other physical 
details may have appreciable effect on the gas generation. 
Some relation exists, however, between the quantity of 
gas, the rate of generation, and the consequent mechanical 
stress of the circuit breaker. 


(3) Different Types of Oil Circuit-Breakers. 

The development of the oil circuit-breaker since its 
early days has brought about many changes in design. 
In order to deal with the fundamental features of 
present-day practice, it is convenient to consider three 
classes of breakers, according to the type of contact 
used:-—(a) The plain break; (5) the quick break; and 
(c) the shrouded contact. 

In each of these classes a multitude of designs is 
possible. A discussion of design detail will, however, 
only be entered into where this materially affects the 
phenomena of arc rupture. 

{ci) The Plain-break Civcuit-breaher. 

A plain-break circuit-breaker is characterized by its 
straightforward design. No device is incorporated 
whereby the contact speed of the moving contact may 
be made different from the cross-bar speed. The contact 
assembly is directly exposed to the whole of the oil in 
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the tank or tank section without any intervening barrier 
or shroud. There is seldom any serious attempt in the 
contact design to increase turbulence more than is 
natural to a gas globe generated under the specific 
conditions inherent to a particular design. Discon¬ 
tinuity of the arc is brought about purely by elongation 
of the arc gap, both by the opening movement and by 
the natural magnetic blow-out. 


(b) The Quick-break Circuit-breaker, 

The term “ quick break'' is here used to describe 
designs in which the arcing or auxiliary contacts remain 
in contact for half or more of the total break of the main 
contacts. A hammer blow or similar action causes 
their release. The speed of the arcing contacts is usually 
between 20 and 25 ft. per sec. 

The quick-break contact can be regarded as an 
attempt to reduce the time component of the arc 
energy; it is not correct to assume a proportional reduc¬ 
tion in the arc energy. The improvement obtained is 
more marked at the higher voltages. 


(c) Breakers with Shrouded Contacts, 

The value of enclosing the contacts of an oil circuit- 
breaker in a shroud has been recognized by many 
designers for a number of years. The primary advantage 
is a reduction of the arcing time. It is also expected 
to reduce to a very marked extent the possible stresses 
set up in the circuit breaker. The most familiar form 
of shrouded contact is the explosion pot, and this has 
been used extensively for many years. More recently 
other devices have been introduced to achieve similar 
objects. 


(i) The De-ion Grid Oil Circuit-breaker, —The theory 
and construction of the de-ion grid oil circuit-breaker* 
have been fully described by Slepian,t and Baker and 
Wilcox.J 

As indicated in Fig. 1, the fixed contacts are enclosed 
in a special shroud consisting of horseshoe plates of 
insulating material interspersed at intervals with 
similarly-shaped iron plates that are insulated from 
contact with the arc. The moving contact breaks 
within a narrow slot formed by the shroud. Since this 
slot is closed on the outer side a certain quantity , of oil 
is trapped between the arc and the slot wall when the 
breaker opens under load. The principle underl 3 dng 
this construction is that of maintaining the arc in close 
contact with the trapped oil by the natural blow-out 
assisted by the local interaction between the arc magnetic 
field and that induced in the iron plates. This oil is 
vaporized by the arc> and the only means of escape for 
the gas produced is through the arc itself. The 
turbulence produced by the continuous introduction of 
relatively cool non-ionized gases into the arc as it travels 
outwards, causes, at zero point in the current flow, a 
very rapid increase of the electric strength of the arc 
path by a de-ionizing action on the arc gases. This 


♦ The construction and action of tliis circuit breaker should not be conned 
«rith those of the de-ion air circuit-breaker, in which the arc is caused to split up 
into several small arcs in series and move rapidly over the surface of a number 
metal plates until the moment of current zero, when the de-iomzation of^the 

air films prevents the re-estabUshment of the arc. . ^ 

Tr(i'ytsci/ctiofi& of the Afneticdn yol. 

$/i«i.,1930,vol.49, p. 431. 


action is assisted by similar non-ionized gases projected 
into the arc from oil absorbed in the edges of the 
insulating plates subjected to the heat of the arc. 

(ii) The Quenched-Arc Circuit-breaker. —In this form of 
circuit breaker, described by L. C. Grant,* the shroud 
(as shown in Fig. 2) consists of a number of thick annular 
metal discs suitably spaced and secured to the fixed 
contact. The moving contact takes the form of a 
vertical rod passing through a central hole. It was 
suggested that, as the arc is drawn-out, it is forced into 
the spaces between the discs and so divided into a 
number of shorter arcs that travel towards the outer 
edge of the disc. The continuous movement of the arc 
and the comparatively large thermal capacity of the 
discs tend to produce relatively cool cathode conditions 
in the arcs, and so some advantage is claimed in inter- 


Returnflux 

in iron Arc 



ruption of the current due to the de-ionization of the 
arc gases when the are current passes the zero point of 
the current wave. 

(ill) The Oil-Blast Circuit-breaker.—In this circuit 
breaker, described by D. C. Prince and W. F. Skeats,f 
the shroud consists of a conventional explosion-pot com 
tainihg contacts so arranged that a blast of oil is passed 
across the path of the arc. 

As shown in Fig. 3, the fixed contact is resiliently 
mounted, and just below it is arranged a floating contact. 

The moving contact is a hollow rod with holes in the 
lower walls to allow a flow of oil into and out of the 
explosion pot. When the breaker is closed the floating 
contact IS trapped between the two main contacts. As 
the breaker opens, the floating and moving contacts 
move together during the first part of the stroke, and 
a short arc is drawn between the fixed and floating 

« Jo«r«ari.^.£;;,1930, vol. 68, p. ia89. . 

t Transactions of the American vpl. fiO, p. 506. 
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contacts. This arc forms gases in the explosion chamber, 
and the oil therein is placed under compression. The 
pressure cannot be relieved until the floating and moving 
contacts part company at the limit of travel of the 
former contact. A second arc is then drawn between 
these members, and at the same time oil and gases are 
forced down the hollow rod and out into the tank. As 
soon as a zero point in the current wave is reached, the 
arc gases are swept out through the hollow contact by a 
blast of clean oil, thus introducing a high electric strength 


circuit breaker is tripped the piston causes a flow of 
oil across the arcing surfaces and through the hollow 
moving contact. The tests were made at voltages 
ranging from 3 800 to 13 200 volts, with a corresponding 
maximum current ranging from 23 000 to 66 000 amperes. 
In the tests described the separation of the contacts w<is 
limited to Ij in., so that by varying the velocity of the 
oil and the constants of the circuits it was possible to 
make the circuit breaker fail or clear as desired. The 
results of about 400 tests have been plotted to show the 



L_.__._.J 


-L , ... 



min'? natural develop¬ 

ment of the oU-blast circuit-breaker lias been the oro- 
visKin of external means for producing a blast of oil 
entirely independent of the‘axe current. This airanee 
ment has become known as the impulse circuit-breaker 
^d a sen^ of tests on it were made by D. C. Prince 

circuit breaker in which the moving con^t is hoTow 
and IS coupled mechanically to a piston, so that when the 

* BUctrical World, 1931, vol. 97, p. 400. 


Fig. 2.—Quenched-arc oil circuit-breaker. 


l>last in feet pe 

second and the rate of nse of recovery voltage in volt 
feparSsTfrl^^b successful teL can' Zn l 

through the o' ^ a straight line passinj 

as it demonst^flS^* ‘ result is especially interesting 

that the dutv ^ 
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oil vapour in a way which makes for maximum tur¬ 
bulence and dispersion. A diagrammatic view of one 



Fig. 3.—Oil-blast explosion pot. 




Fig. 4.—Cross-jet explosion pot. 

form of this contact is given in Fig. 4. An explosion pot 
containing the chambers '‘a*' and “ b is fitted with a 
number of insulation plates forming a series of passages 


at its open side. The passages have an outline as 
indicated in the exploded view in Fig. 5. During the 
first part of the stroke, the pressure generated in chamber 

a " is partly relieved by the direct leakage around 
the contact plunger in the opening g/* and is also 
communicated to chamber b ” through the opening 
'' f/* causing a leakage of oil through the horizontal 
passages. 

When the contact plunger has moved to the position 
indicated in Fig. 4, most of the oil escaping from chamber 
“ b will pass along the horizontal passage cc" 
towards the arc, thus increasing the rate of generation 
of gas until the current approaches its zero value. 
When the value of the current has fallen sufficiently 
low, the mixing of the comparatively cold oil with the 
hot gases escaping from chamber “ a ** through the 
opening g increases the electric strength of the fluid 
in the direct path of the arc and tends to prevent 
re-establishment. 



Fig. 6.—Exploded view of cross-jet explosion pot. 

Further movement of the contact plunger provides 
additional horizontal passages and intensifies the action. 

(vi) General Comments on Shrouds .-—There is as yet no 
general agreement on the precise physical explanation of 
the operation of devices of this kind. Some engineers 
consider that the interruption is due to the physical 
presence of oil in the arc stream at the moment of zero 
current. Others condemn this as unpractical and con¬ 
sider that the de-ionizatioh is entirely due to the genera¬ 
tion of gas at a sufficiently rapid rate in the vicinity of 
the arc, so that immediately before the moment of zero 
current sufficient fresh molecules of non-ionized gas are 
generated to swamp the ionized particles and thus 
prevent the re-establishment of the arc. According to 
ihis theory, it would appear that any movement of oil 
or non-ionized gas directed towards the arc would be 
likely to be beneficial. 

As another example of the differing views on arc 
rupture, the theory of Dr. Kesselring* may be mentioned, 

♦ £ieIttrot6clwiiscfc« 1930, vol. 51, p. 499. 
















708 


PEARCE AND EVANS: SOME NOTES ON 


that what determines whether an arc shall die out or 
be re-established is the magnitude of the ratio (Rate of 
fall of temperature)/(Rate of rise of voltage). Without 
expressing an opinion on the physical accuracy of this 
stetement it may presumably be agreed that anything 
that promotes a fall of temperature in the vicinity of 
the arc is likely to be favourable to the final rupture of 
the current. 

It is interesting to note how all these theories have 
sometlung in common in many of the forms of con- 
struction now being tried. 

Two of the devices described, the de-ion grid,* and 
the oil-blast contact,f have progressed beyond the 
^erimental stage and, following extensive series of 
tests both m the high-power testing laboratory and on 
pubhc service systems, are already being put into com¬ 
mercial use. These tests have been made on both 
^gle-pole and 3-pole units at service voltages ranging 
from 13-2 kV to 220 kV. The short-circuit kVA 
interrupted in these series of tests varied up to a maxi¬ 
mum of 1 700 000 kVA, so that it may be claimed that 
these devices have successfully improved the operation 
of oil circuit-breakets. So far as the authors are aware 
the quenched-arc device has not yet been put into com- 
merci^ service, but it is possible that more experimental 
work has been done with this device to ampUfy the 
results detailed by L. C. Grantf where the maximum kVA 

mterrupted was given as 230 000 kVA on an 11 000-volt ■ 
system. 

A large number of tests carried out on the cross-jet 
explosion pot, and comparative tests with the quick- 
bre^ contact, show a very marked difference in stress 
m favour of the^ shrouded contact. This is due to the 
fact that with the shrouded contact the quantity of gas 
pnerated is limited and the expansion of the gas bubble 
in relation to the whole quantity of oil in the tank or 
tank section is restrained. 

(4) Certain Design Features. 

In this section it is proposed-to review some of the 
design features of an oil circuit-breaker which are most 
intimately concerned with its behaviour under short- 
circuit conditions. 

(«) Air Volume. 

In the past there have been two schools of thought. 
One regards the air volume merely as a means to avoid 
high pressures in the tank, on the basis that if gas equiva¬ 
lent in volume, at normal temperature and pressure, to 
four times the air volume is generated in a tank the 
absolute pressure is increased fivefold, whereas if only 
half the air volume had been provided the pressure 
would have increased ninefold. The other, while stiU 
accepting the principle, prefers the use of relatively 
small volumes with correspondingly higher pressures in 
order both to secure the assistance of the higher pressure 
in quenching the arc by increasing the electric strength of 
the arc path at zero current and to limit the disturbance 
when the Oil above the arc is lifted by the gas pressure 
a^ hurled bodily against the top frame of the breaker 
When, however, the form of construction includes a 

■% Journal I,EJB,, 1930, voj. 68, p. 1089. 


shroud for confrolling the arc, and thus limits the bodily 
movement of oil towards the top frame, it would appear 
reasonable to regard the air volume merely as a cushion 
for limiting the total rise of pressure, 

(h) Head of Oil. 

The head of oil required in an oil circuit-breaker may 
be determmed by consideration of purely dielectric 
requir^ents or else purely as a function of the breaking 
capaaty. The latter has often been considered the 
limitmg feature. Several writers in the technical Press 
suggest that the head of oil must be sufficiently large to 
prevent the formation of a continuous gaseous chimney 
during arc rupture. No actual data appear to be 
available to determine the limits of this chimney effect. 
Ihe conditions must necessarily be different for the 
various t^es of contacts. For shrouded contacts the 
head of oil may be regarded as a function of the dielectric 
requirement, wi* due regard to creepage clearance and 
polluted oil. The plain-break contact is more liable to 
forrn a gaseous chimney, and a larger head of oil may be 
advisable. . j 

(c) Vents. 

The function of a vent is to permit the escape of the 
arc gases without an accompanying discharge of oil. No 
attempt IS made to reduce the initial stress on the circuit 
breaker; t^ could only be achieved completely by 
providing the breaker with an open top. 

In principle the most effectiye form of vent is obtained 
by providing an expansion chamber between the circuit- 
breaker hood and the labyrinth or baffled opening into 
the atmosphere. The opening between the breaker 
hood and the expansion chamber should be very 
SiSte? “ “ frequently only J inch in 

{d) Shape of Tank. 

Clmms of superiority due to the tank shape are often 
put forward. These are based on the fact that in a 
round tenk less length of welded seam is necessary and 
tte tank walls may be thinner and are stressed in t^^ rion 
by internal pressure. 

The rectangular shape of oil circuit-breaker tanks is 
usuaUy dictated by the economy in space so highly 
stressed by^^erating engineers, particularly for metal- 
clad gear, m only disadyantage of a properly designed 
and constructed reci^gular tank is its additional weight. 

In manyxases this is more than offset by the saying in 
space and the conyenience in fitting earthed-metal 

barriers—-which in turn stiffen the tank. 

{e) Contacts. 

*v- 

^ + j to carry continuously their 

rated load, ( 2 ) their behaviour under short-circuit 
I?® any serious 

dfflculty to ae designer, except from the standpoint 
Of making them as srnall in dimensions as may b^ 
practt^ble in Order to reduce the dimensions of the 

tenk to a minimum value, or alternatively to provide 
the largest current rating possible within a given size of 
tank; also in order to keep the moving contacts as light 
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as possible to obtain the required speed of break without 
excessively large accelerating forces. In order to meet 
short-circuit conditions the contacts in a closed breaker 
must be able to withstand the prescribed short-circuit 
current for a period of 1 sec. or more without deteriora¬ 
tion. The conductors, contacts, and connections thereto 
are all subject to comparatively large electromagnetic 
forces which may permanent^ deform any part of the 
circuit which is not designed to withstand such forces 
without permanent strain. Further, the short-circuit 
forces may separate the contacts, or some of them, even 
though the breaker mechanism is latched in the closed 
position. 

When the circuit breaker opens under short-circuit 
conditions these ejffects are usually more marked. For 
example, a breaker having moving contacts of the simple 
butt and brush type should not be used above a reason¬ 
able short-circuit current, otherwise the butt arcing 
contacts will separate, leaving the current to be broken 
on the main brush, with resultant burning, rendering it 
unfit for reclosing. Under slightly different conditions 
the pressure on the contacts may be so reduced as to 
produce a sufficiently high contact resistance to cause the 
contacts to weld together and so prevent the circuit 
breaker from opening. 

These reasons have led to the use of such contacts as 
the finger and wedge type, which, when mounted in 
pairs on opposite sides of the contact bar, carry currents 
in parallel and therefore attract one another and thus 
increase the contact pressure and correspondingly reduce 
the contact resistance. On the other hand, when the 
contact bar has left the fingers, and so long as the current 
is flowing, the contact fingers are still attracted towards 
one another, and they must be able to withstand this 
force without permanent strain. These features are 
briefly mentioned because, although they are not new, 
they are not so widely appreciated as they should 
be, and they explain why ill-constructed circuit 
breakers, or breakers used above their reasonable short- 
circuit current rating, are liable to permanent deforma¬ 
tion of their contacts, rendering them not only unsuitable 
for, but even dangerous to reclose after, a short-circuit. 

Another form of main contact that has been used by 
some firms with great success is the Y brush, in which 
the current is similarly divided between the two portions 
of the brush to obtain the desired attractive force under 
short-circuit conditions. This form of construction is 
inherently robust for withstanding short-circuit stresses, 
and is economical of space for heavy currents. 

The use of explosion pots leads naturally to the use of 
plunger and socket contacts, which admirably fulfil the 
desired conditions when carrying short-circuit currents, 
and can readily be made as robust as desired. 

Butt contacts have, by their inherent simplicity, 
proved attractive to designers, but as a general rule 
insufficient care and experience have been used to obtain 
the best results, consequently they have not been as 
widely used as might have been expected. In the first 
place the contact pressure has usually been too low, 
and this definitely sets an upper limit to the permissible 
short-circuit current. Also the throw-ofl forces cause 
difliculty, although the effective latching of the moving 
contacts in the closed position can be obtained by inter¬ 


posing resilient members behind the stationary contacts, 
and leaving the moving contact-bar rigid. Fortunately, 
the simple arrangement of butt contacts, with resilient 
moving contacts, and without additional main contacts, 
is quite permissible for moderate short-circuit currents, 
provided adequate contact pressure is available and the 
contacts are sufficiently massive. 

After butt contacts have been used for rupturing an 
arc, the surfaces will be found to be rough or mottled, 
but this condition does not impair their conductivity. 
The contact resistance, if tested, may even be found 
to be lower than before the short-circuit. The reason for 
this is that the heat of the arc burns away the impurities 
from the surface of the contacts. While the same com¬ 
ments may be made in connection with other forms of 
contacts, the reservation must be made in the case of 
sliding contacts that the correct mechanical movement 
must not be impaired; but only for this reason should oil 
circuit-breaker contacts require cleaning after a short- 
circuit. 

The next point that arises is as to when contacts should 
be renewed aiter a short-circuit. This depends upon 
whether the mass of the contact has been unduly 
reduced, whether the contact pressure is still sufficient 
for the purpose, and whether the desired lead has been 
maintained between the movement of the contact bar 
and the separation of the contacts. As the lead is 
provided to protect the main contacts (where fitted) and 
also to take advantage of the higher velocity of the 
contact bar at the end of the desired lead, it is of 
importance to ensure that these features are not unduly 
sacrificed. It is impracticable to give quantitative 
figures of general interest, but the foregoing represents 
the essential points which, taken into account with the 
time available for overhaul and the relative importance 
of the circuit controlled, will enable a reasoned decision 
to be made. 

(/) Contact Pressure. 

Most electrical engineers axe willing to subscribe to 
the theory that, other things being equal, the contact 
resistance depends upon contact pressure, but few pursue 
this to its logical and practical conclusion. When the 
contacts consist of two flat surfaces, whether subdivided 
or otherwise, it is customary to ascertain whether these 
surfaces are touching satisfactorily, by trying to insert a 
thin feeler. If a feeler of, say, 0*0015 in. will not *'go,** 
the contact is passed, whereas there may be a gap of 
0*001 in. over most of the surfaces, and for such portions 
of the surface a miss is as good as a mile."' Probably 
the easiest way of avoiding such an illogical condition is 
so to shape the contact that only a line contact or even a 
point contact can be obtained. This procedure has been 
found very satisfactory by many manufacturers for 
certain of their apparatus, but for oil circuit-breakers 
that have to deal with very large short-circuit currents the 
amount of burning of the contact is reduced by using 
relatively large surfaces exposed to the arc—always 
provided that ample pressure is applied so long as the 
contacts are touching. 

(g) Number of Breaks in Series • 

The standard oil circuit-breaker design in this country 
favours 2 breaks per pole. Mechanically this construe- 
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tion offers the most simple structure. On the Continent 
several manufacturers greatly stress the advantage of a 
multi-break oil circuit-breaker. These are usually of 
the plain-break type and have from 4 to 10 breaks in 
series per pole. Multi-break circuit-breakers have also 
been adopted for a few recent installations in this 
country. 

It has been claimed that for the higher voltages an 
increase in the number of breaks results in a shorter 
arcing time, due to the increase in the equivalent speed of 
break. Test data published in Continental technical 
literature in support of this claim show improvement 
compared with plain-break circuit-breakers, but in 
accordance with the usual Continental practice the 
tests were carried out on an insulated system. This 
may possibly explain why other tests carried out on 
earthed systems show much less improvement, since in 
this latter case the potential distribution across the 
breaks is not uniform. It has usually been claimed 
by advocates of the double-break circuit-breaker that 
even for high voltages the adoption of a quick break 
renders it unnecessary to resort to the added compHca- 
tion of the multiple break, owing to the additional 
contacts and insulation required. 

GeneraUy the performance of the multi-break circuit- 
breaker may be closely compared with that of the quick- 
break circuit-breaker. 


{k) Speed of Break, 

If it could be assumed that a definite break is necessary 
to interrupt a particul^ current at a given voltage, then 
K IS clear that the minimum amount of energy would 
be expended in the arc by attaining this break at the 
first moment of current zero after arcing has commenced. 
If the speed is lower than this ideal speed the break 
IS sufficient to permit rupture and the arc persists for 
at least an^er half-cycle. If, on the contrary, the speed 
IS higher ^an the ideal speed, the arc is unduly length¬ 
ened, mth the result that a needlessly large amount of 
energy 13 expended in it. 

As the curcuit conditions are varied, so it is neces- 
to vary the speed of break in order to obtain 
toe Ideal c^diSns set forth above. In practice, 

suitable for interrupting 

vol 5 e« ttT sometimes also diffLnt 

voltag^. Unless consistency of action is assured it is 

define exact design limits. In toe 
past It h^ frequently been stated that no advantage 
IS gained by exceeding certain Umiting speeds for com¬ 
paratively low-voltage circuits. While it^is permissible 
o a^ee that in general, high voltages require higher 

stote^oTtSf’S’ ^ possible in toe print 

oSt*mi ^ f ^ statement as to toe 
optimum speed for a specific voltage. It is rafhf^ 

matto for experiment to demonstrate with the required 
TO^tection and circuit conditions that toe arcing\me 
^d consequently the arcing energy, are both reduced^o 
a imnimum under toe limiting ^nditions. 

to brato is: broking tke 


the range of its rating. The different views with regard 
to speed of break may be largely explained by the varied 
results it is possible to obtain from a plain-break circuit- 
breaker when tests are repeated a number of times under 
the same circuit conditions. 

In this respect circuit breakers with shrouded contacts 
are entirely different, and a much greater measure of 
consistency can be obtained by careful design. The 
ideal speed can be regarded as a function of the length 
of the shroud. This may conveniently be illustrated 
by comparing two shrouds with the effective length of 
one only half that of the other. In this case the speed 
of break in the short shroud should be approximately 
half that in the shroud which is twice as long. This 
comparison refers to the actual speed of the moving 
contacts during the arcing period, and tliis is controlled 
by the circuit-breaker mechanism together with the 
gas pressure generated in the shroud itself. There is a 
further limitation that with a short shroud a small arc 
current may be insufficient to produce the required gas 
pressure for arc extinction. Thus arises the curious 
phenomenon which is always a source of surprise when 
first observed, viz. that a breaker which will successfully 
rupture heavy currents may signally fail with a small 
cu^ent. As an alternative to speed of break it may be 
a better criterion to ascertain the distance travelled 
dunng the first halfrcycle of arcing, since a breaker 
operating efficiently should have travelled far enough in 
this time to approach a position where the arc cannot 
res'trixce. 


(j) Arcing Time, 

twofold. 

Firstly, considenng toe system into which the circuit- 

is desirable to restrict the dura- 

toTflffi? ^ and thus remove 

toe fault from the system with the least delay. This 

Sc It'a* desirable to break the 

MC at any point of the current wave. If it were possible 
to break at an instant other than the natural current 

result. 

Secondly, wnsidenng the circuit breaker, the duration 

5 i?narer^“ t)®aring on toe stresses set up. 

TOe natural assumption is that of direct proportion but 

tion oTtoe^re®+r influenced by the duri 

shoL^'offifner^^r^ *’'® circuit breaker 

SSJue LrerfJ about 1 cycle when 

(k) Electromagnetic Forces on the Arc 

fad i.op 

of this loon ^ Vn tend mg to increase the diameter 

by toe Siing iLdrLTtofm"^^^ " '°™®^ 

The arc becomespartof thisloop and^o™ 
biUty, wiU yield under toe inflSce o?;^^^^^^ to itsflexi- 

The consequent shortening of toe duratiST/^ 
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can be very marked for heavy rupturing currents on 
circuit breakers with small pole-centres. It must not be 
assumed, however, that the decrease in the arcing time 
with increasing current is entirely due to the electro¬ 
magnetic forces, as the rate of generation of the arc 
gases appears to be closely related to the duration of the 
arc. The effects of the electromagnetic blow-out are 
very similar to those of increasing the speed of the plain- 
break circuit-breaker, but it is possible to increase the 
length of the arc and the stresses set up in the circuit 
breaker without obtaining the desired reduction of the 
duration of the arc. The introduction of a blow-out 
device in a circuit breaker must therefore be effected 
with great care. 

(5) Certain System Features. 

{a) Recovery Voltage, 

** Recovery voltage may be generally defined as that 
voltage which occurs across the contacts of a circuit 
breaker after the interruption of a short-circuit current by 
the breaker. 

Consider a symmetrical 3-phase fault. The power factor 
of the load is the phase relation between the line voltage 
and current. The fundamental voltage across the con¬ 
tacts of the breaker is approximately in phase with the 
line current. As the breaker opens, the voltage across 
the contacts increases, and the line voltage on the load 
side of the breaker decreases. When rupture is complete 
the voltage across the contacts represents the phase 
voltage of the system at that point, and is determined 
by the e.m.f. of the generators and any normal load 
left on the system. Hence the magnitude and phase of 
the recovery voltage are affected by the rapidity of the 
response of the alternator e.m.f. to changes in load, by 
the remaining load on the system, and by the difference 
in phase angle between the fault current and the remain¬ 
ing load. 

On the application of a short-circuit the e.m.f. of the 
alternator falls in a similar manner to the current- 
decrement curve. The shape of the voltage-decrement 
curve depends upon the constructional features of the 
machines. In general anything that promotes a steep 
decrement curve is likely to encourage a corresponding 
rise of voltage when the short-circuit is removed. Con¬ 
sequently a decrease in the reactance of the machine 
will tend towards a high value of recovery voltage; 
and just as the sub-transient reactance is a determining 
factor for the initial rush of current, so it also controls 
the recovery voltage during the all-important moment 
immediately after the rupture of a short-circuit current. 

{b) Rate of Rise of Recovery Voltage, 

Whenever a voltage is suddenly applied to an electrical 
system, transient oscillations are set up. The natural 
frequency of these oscillations depends upon the pro¬ 
portions of reactance and capacitance, and is frequently 
so high that it is not recorded by the ordinary electro¬ 
magnetic oscillograph, though it can readily be shown 
by the cathode-ray oscillograph. Under normal condi¬ 
tions these oscillations do hot present any difficulty, but 
when the voltage is applied by the sudden removal 
of a short-circuit current the addition of a high-frequency 


voltage to the power-frequency voltage proves particu¬ 
larly inconvenient at the contacts of the circuit breaker 
clearing the fault. 

In practice the actual curve of recovery voltage may be 
the resultant of a number of transients of difierent fre¬ 
quencies. The higher frequencies are, however, the 
more troublesome, so that any decrease in the capacitance 
adjacent to the circuit breaker makes its duty more 
dif&cult. On the other hand, any resistance connected 
across phases has a damping effect. This explains why 
short-circuit tests on circuit breakers are more severe 
when carried out adjacent to testing plant which does 
not supply any other load; the rate of rise of recovery 
voltage is higher. The effect on the duration of the arc 
is illustrated in Fig. 6, which is based on data abstracted 
from a paper by Spurck and Strang.* 



Volts per micro-second 


Fig. 6.—^Effect of rate of rise of recovery voltage on 
arc duration. 

A detailed study of the magnitude and rate of rise 
of recovery voltage has been made by Park and Skeats.f 

{c) Sequence Impedance, 

The effect of sequence impedance on fault currents 
and voltages has been carefully analysed by Evans and 
Wright.J By the use of equivalent networks for positive, 
negative, and zero sequence impedance they have 
evaluated fault currents and voltages for different ratios 
of these impedances. The resultant curves illustrate 
clearly the additional duty thrown oil to a circuit breaker 
by a high zero-sequence impedance, thus confirming 
that the most onerous phase faults are these in which 
there is no earth connection between the fault and the 
neutral point of the generator or transformer supplying 
the system. 

Another effect that is clearly illustrated by this 

• Transactions of the American 1931, vol. 60, p. 513. 

t Journal of the American I,E,E., 1930, vol. 49, p. 1017. 

% Paper read at the American I.E.E. Middle Eastern District Meeting, March 
1931. 
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treatment is shown in Fig. 7, taken from the same paper. 
This shows the effect on the kVA rupturing duty of each 
pole of a circuit breaker when the current is broken 
simultaneously or successively on the various poles, 
according to the value of the ratio Xq/X^, where X^ is 
the zero-sequence reactance and X^ is the positive- 
sequence reactance for the particular case when the 
negative-sequence reactance is equal to the positive- 
sequence reactance and all resistances are negligible. 


(6) Short-Circuit Testing. 

(a) General. 

In the early days of oil circuit-breakers the need of 
suitable equipment for testing under short-circuit con¬ 
ditions was realized. Unfortunately for the art, however, 
such equipment is large and costly, and so long as switch- 
gear was regarded as equipment of minor importance 



F3*OAG3:0 


inilHiina 



Ratio 

• conductors assTimed at earth potential after breaker openin^^ 

Fig. 7. ^Effect of sequence reactance on rupturing duty 

ttere remained Httle chance of improvement. Gradually 

greater and greater importance. 

the most vital portions of the 
plant of an electricity undertaking 

^ Even yet, however, switchgear does not secure its due 

the manufacturers and 

toe Electacal Research Association have carried out 
considerable work, their efforts are naturall7drcum^ 

use. ^In to^e toe equipment available for their 

excent that • ^*ates similar conditions apply 

r^hze the importan^ of this issue to toemSvSS 

systems, toS^bSg v^uaSeSStiom^^^l^gi 


thus maintaining the natural outlook of a responsible 
h engineer who desires to prove for himself the effective- 
tt ness of any apparatus he may be using. 

1 , Why, then, has this course not been followed more 
s extensively in Great Britain? It is not for lack of 
personnel or equipment. It can hardly be because of 
3 the cost involved, as this is a comparatively small factor 
- compared with the benefits to be obtained by proving 
the equipment installed and ensuring a satisfactory clioice 
for future equipments. 

Short-circuit tests may be carried out either as a 
research investigation or else to prove a given design 
^ in line with engineering requirements. The costliness 
of a testing plant can readily be appreciated by con¬ 
sidering the component parts which make up a modern 
‘ high-power laboratory. A high-capacity generating plant 
^ of low reactance is the first essential. The nominal 
rating of short-circuit testing generators may be as high 
as 100 000 kVA for one single unit, giving first half¬ 
cycle capacities of up to 1 500 000 kVA. To cover a 
voltage range from 11 kV to 220 kV, transformers of 
exceptional design are necessary. For successful research 
investigation it is essential to have available a large 
T&nge of current values at any desired voltage. Current- 
limiting reactors with multiple tapping arrangements 
are generally found to be most suitable for this purpose 
The current-carrying parts in the whole testing equip¬ 
ment require special consideration in regard to the 
electromagnetic forces. The recording and measuring 
instruments must be very sensitive and capable of 
producing permanent records. 

Even with a testing plant of this character the effective 
range is very limited, so that unless still larger testing 
plant is available supplementary tests on large power 
networks are essential for proving the performance of * 
the breakers that have the most important duty to 
sySem^^' iiamely those installed on large and important 

Fortunately^ the oil circuit-breaker designer is not 
left entirely without means for obtaining data, and the 
foUowmg procedure has been found satisfactory for 

breakers in which the arc is 

tests IS made, ranging up to full voltage or over with 
ruptunng currents of about 600 to 1 500 amperks to 

l»n<lle thc'req.irS 
A c assistance is obtained from 

SLv S loLr f explained, the arcing time 

“c^nsisSX i t P^^'ded the arc 

toe shroud and sphere of influence of 

me snroud and other conditions are .satisfactorv thn 

voltage rating is justified. Next, a sSi^Sts is 

ritegrSa? over at the highest 

cSm t£t X These tests 

capable for ®°“*^ots, and shrouds, are 

failure or undue detilS““® 

of voltage and 
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(b) Short-Circuit Test Arrangements. 

It is the general practice of the company with which 
the authors are associated to short-circuit the alternators 
they build, in order to prove conclusively before dispatch 
that they are in every way capable of withstanding a 
condition that may at any time be experienced in service. 
When this test is carried out it provides a natural 
opportunity for research tests on oil circuit-breakers. 
The necessary test-records are obtained by means of the 
oscillographic equipment, which is housed adjacent to 
the generator testing department. 

(i) Short-Circuiting Switch .—^When the breaker is 
closed ready for tripping automatically under fault 
conditions, the short-circuit is applied by closing the 
short-circuiting switch. For generator voltages this 
consists essentially of a series of contacts carried on 
insulated cross-bars retained in position by a latch^ 
which can be released electrically, allowing the contacts 
to fall into the closed position under the action of gravity 
and strong compression springs. Insulation barriers are 
provided to avoid the possibility of a short-circuit across 
phases. 

(ii) The Oscillograph .—The electromagnetic oscillo¬ 
graph was designed and constructed in 1924 in the 
workshop of the company's research department. It is 
capable of recording 9 quantities simultaneously on a 
film 8 inches wide. Six of the elements are of the usual 
type, fitted with permanent magnets and capable of 
recording currents or other quantities, variations in 
which can cause proportional variations in current. The 
other three elements are arranged to record the instan¬ 
taneous product of two currents, and can therefore be 
connected to record instantaneous power. 

By means of nine small prisms, a beam of light from 
an arc lamp is split up and directed on to the mirrors of 
the nine elements. The beams of light reflected from 
the elements then pass through finely adjustable slits 
and thence through a cylindrical lens, which focuses 
them on to the photographic film in the camera. The 
camera is of the drum type and is capable of taking 
films of any size up to 8 inches in width and 36 inches 
in length. In addition to a hand shutter, a rapid 
electrically-operated shutter is provided, which is con¬ 
trolled by drum contacts on the camera shaft and operates 
in conjunction with the timing circuits. By this means 
it can be ensured that a film is not exposed more than 
once, and that the phenomenon under investigation, 
e.g. the operation of a circuit breaker, does not start 
until the beginning of the film has passed the shutter 
aperture. Also, the apparatus can be set so that the 
whole or any one of three portions of a 36-inch film can 
be exposed at will; As a film length of 12 in. is ample 
for all ordinary tests, this . device enables duty-cycle 
tests to be performed in rapid succession without reload¬ 
ing the camera. The camera drunci is driven by an 
adjustable-speed motor through belts and pulleys, and 
a large range of speeds may be obtained by using d.i£Eerent 
pulley combinations. 

A photographic darfc-rooin has been equipped, so that 
the results of a test may be roughly assessed from the 
film a few minutes after it has been exposed, thus 
enabling the conditions for the next test to be decided. 

(iii) The'TraveT Indicator.—^ device consists of a 


rheostat, the arm of which is rigidly coupled to the part 
of the circuit breaker the travel of which it is desired 
to record. As shown diagrammatically in Fig. 8, the 
rheostat R is connected in series with an oscillograph 
element O, a battery B, and a series resistor. As the 
circuit breaker operates, the rheostat causes the current 



in the circuit, and hence the element deflection, to vary 
in a series of clearly-defined steps. 

The use of a travel indicator is essential to determine 
when the arc tips separate, and is also useful in determin¬ 
ing the speed of moyement and whether the motion of 
the contact bar is regular and consistently progressive. 



Fig. 9.—'Pressure-measuring device. 


(iv) The Pressure-Measuring The pressure 

acts oh a diaphragm placed whefe it is desired to measur® 
the pressure. As shown in Fig. 9, the diaphragm is 
coupled by means of a non-magnetic steel rod to 
an armature which forms part of the magnetic circuit 
of a laminated electromagnet. The deflection of the 
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diaphragm causes a variation in the reluctance of the 
^gnetic circuit, and the winding of the electromagnet 
forms one arm of a bridge network. The resultant 
variation in the balance of the network is recorded by 
an oscillograph element. ^ 

are 

carefuUy ^sted to avoid inductive interference and are 
an earthed metal tube for a considerable 
istance from the breaker as a protection against possible 

Pressure devi 



^ross the diagonal of the bridge when the switch S is 
toown oyer to the extreme right-hand position. If now 
^ K equal to Q and the impedance of D is adjusted until 
It IS equal in magnitude and phase to that of the pressure 
d^ce when the pressure is zero, no current wiU flow 
oscillograph element. If pressure acts on 
rae diaphragm of the pressure device, the balance of 
the bndge is disturbed and a 1 000-cycle current will 
flow through the oscillograph, the amplitude of the 
deflection being proportional to the pressure. The 
pressure record therefore takes the form of a 1 000-cycle 
bamd, the width of which is proportional to the pressure. 

(vj Procedure in Carrying-out Tesfe.—The connections 
ror a ^ical test on an oil circuit-breaker are shown in 
f ig. 11. Between the circuit breaker under test and the 
alternator supplying the testing current is connected a 
master switch. The control connections are so arranged 
hat the operation of either the master switch or the test 
chc^te effected by the osciUograph timing- 

The osciUograph elements available may be employed 
in yanous ways, a typical aUocation being shown below. 


Element 

number 


Fig. 10.—-Diagram of pressure-measuring device. 
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sequence of events during the progress of a test 
can be obtamed by a study of Fig. 11. When all is 
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Fig. 11.—Diagram for short-circuit tests. 
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ready the control switch G is closed and the alternator 
driving-motor tripped out simultaneously. From this 
point the whole of the operations are automatic. The 
adjustable time-lag relay D of the pendulum type 
operates as soon as the short contact B on the camera 
commutator (driven at half camera speed) arrives 
opposite its brush. This relay closes the supply to 
one of the two adjustable time-relays E and F, through 
the 2-way switch S, the position of which is previously 
set according to whether the test is a ** break ” test or 
a ‘‘ make-break test. The relay E operates the 
closing coil of the master breaker, whilst F operates the 
closing coil of the breaker under test. As the camera 
revolves, the long contact A eventually reaches its 
‘ brush, at which moment the camera shutter coil is 
energized and the spring-loaded shutter opens. 

The quick-acting lock-in relay C, which is closed at 
the moment relay D is energized, prevents the shutter 
opening before the initiation of the test. The film is so 
located on the camera drum that its start coincides with 
the position of contact A, and hence the shutter opens 
at the start of the film. The actual short-circuit occurs 
3 or 4 cycles after the closing of contact A, this being 
dependent on so setting the pendulum relay D that the 
time delay on the camera commutator between the 
leading trips of contacts B and A is slightly less than 
the delay occurring between the operation of relay D 
and the closing of the switch. 

(vi) Prevention of Fire and Results of Accidents .— 
Whenever short-circuit tests are carried out it is usual 
for the observers to stand sufficiently remote from the 
switch under test in order to avoid any risk of damage 
from fire or explosion. Firemen with suitable chemical 
appliances are also near at hand. There have been 
occasions when these precautions have been fully 
justified, although normally there is little indication 
that a breaker has operated. A slight movement of the 
circuit-breaker mechanism; a wisp of smoke from the 
vent; a shudder from the whole circuit breaker when 
dealing with large powers, particularly when the current 
is heavy; some movement of the main conductors, unless 
they are suitably secured to withstand the short-circuit 
current; these are some of the features that may be ob¬ 
served visually. In the older types of breakers oil-throw¬ 
ing was quite prevalent, but means for overcoming this 
are being increasingly employed. 

When a breaker is tested to destruction, there is 
always a danger of the gas vapours igniting, and in such 
cases the flames rise rapidly 20 or 30 ft. into the air. 
The heat is very intense while it lasts, but can be rapidly 
controlled. 

Occasionally external arcing takes place between 
conductors which apparently are separated by an ample 
clearance. This is much more noisy, and therefore alarm¬ 
ing to the uninitiated, but with proper protective devices 
the arc is rapidly quenched and little damage is done 
unless an excess voltage has been applied to the equip¬ 
ment and caused internal damage. 

[c) Calculation of Z-PhasekVA, 

It is to be regretted that as yet there is no universally- 
agreed method of calculating from test oscillograms the 
power broken. In any one country, and better still 


internationally, it is essential to standardize such matters 
as this. In choosing a suitable method, the first con¬ 
sideration must be towards the accurate evaluation of 
the essential quantities involved. If this leaves any 
choice due to the complex nature of the quantity 
required and the uncertainty of the precise physical 
relations involved, then preference should be given to 
the simpler form, which can most readily be shown 
graphically and enumerated arithmetically. 

It is usual for British manufacturers and users to 
assess the breaking capacity of circuit breakers in 
kilovolt-amperes. The method of calculation to be 
adopted is laid down in B.S.S. No. 116—1929. The current 
to be used is the R.M.S. current at the moment of contact 
separation, and this is obtained from the current film 
by selecting the appropriate moment from the travel 
indicator. The voltage prescribed is the recover}^- voltage 
after the current has been interrupted. 

In America the use of kilovolt-amperes has at times 
been discouraged, since it was considered more specific 
to refer to the arc-amperes and to associate this with 
line voltage. More recent work on the effect of recovery 
voltage and the rate of rise of this voltage will probably 
effect some modification in their practice, and additional 
data are being collected prior to a reconsideration of the 
problem. 

On the Continent an attempt has been made to avoid 
the irrational method of calculating the kVA from the 
product of currents and voltages which are not produced 
simultaneously. This is achieved by producing the 
envelope containing the regular portion of the recovery 
voltage until it meets the vertical line representing the 
moment of contact separation. The voltage thus 
obtained is called the “active voltage“ and is used with 
the phase current at the same moment for estimating 
the effective kVA. 

It will be noted that the majority of countries appear 
to be in agreement that the breaking capacity of a 
circuit breaker shall be expressed in kilovolt-amperes, 
and that the current factor is generally accepted as 
defined in B.S.S. No. 116. The voltage factor is a much- 
disputed quantity. The use of the recovery voltage, 
though not universally accepted, is more general and 
was recommended by the International Electrotechnical 
Commission in 1930. This appears to be a logical step 
when it is considered that the magnitude and the rate 
of the voltage building-up across the circuit-breaker 
terminals after every current zero are responsible for the 
restarting of the arc. 

The rate of rise of the recovery voltage is still a 
quantity to be investigated more closely and is not at 
present seriously considered in the classification of circuit- 
breaker performance. 

(7) Short-Circuit Tests. 

References to published reports of short-circuit tests 
on various forms of shrouded contacts have axready been 
given. In this section an account is given of three 
recent series of tests on the cross-jet explosion pot. 

Investigation No. 112. 

This investigation was carried out on the 23rd-26th 
January, 1931, on a Type K6 33 000-volt, 600-ampere, 
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Table 1. 

Short-Circuit Tests on Type K5 Oil Circuit-Breaher (Investisation No. 112). 



2 

3 


kV 

26-0 

26-6 

26-6 


4 I 28-2 
28-2 

6 I 31-4 

7 1 31-4 

8 33-0 

9 33 0 

10 33 0 

11 330 


' kv-': 

21-6 

22-1 

22- 4 

23- 7 

23-1 

26-8 

26-8 

27-2 

27-2 

26- 9 

27- 2 


amps. (RJtf.S.) 

' 3 870 
2 260 
3 060 
2 660 
3 420 

2 560 

3 660 

2 340 

3 970 
3 090 

3 450 

4 800 
4 700 
3 670 

2 840 
6 260 
3120 

3 900 
4020 
3 180 
6180 
6 700 

3 310 

4 360 
4000 
4 880 
3 480 
3 410 
2 680 
3 730 



1 Duration, Jialf-cycl< 

iS 

Length 

Of short 
drcuit 

Of arc 

— . 

inches p 
break 



in. 

r 6*2 

3*4 

• 

1 6*9 

3*1 

|- 2-64 

1 6*2 

3*4^ 


I 6-6 

3*1 1 


1 7*0 

4*4 

3*3 

[ 7*0 

4*4j 


f .6*0 

3*7 


j 6*6 

4*2 

3*3 

L 6*6 

4*2 


f 6*0 

3*6’“ 


j 6*0 

3*6l 

2-64 

L 6*7 

3-3, 


r:.6*7 

3*3 1 


6*0 

s-el 

2-64 

1 6*0 

3.6, 


62 

3*7 1 


5*9 

3*4 * 

2*8 

6*2 

3*7 

. - , ■ 

* 6*9 

3*4) 


6*9 

3*4 y 

2*47 

6*6 

3*lj 


■6*2 

3*4] 


6*8 

4*0 f 

3*14 

6*8 

4*oJ 


7*8 

4* 11 


7*5 

3*8} 

3*3 

7* 8 

4*1 1 


16*0 

6*0 1 


15*0 

6*0 1 

2*8 

14*3 

5*3 1 


16>8 

6*4 ] 


16*8 

6*4 

2*8 

16*4 

6*0 j 



Remarks 


No visible distress 
No visible distress 
No visible distress 
No visible distress 
No visible distress 
No visible distress 
No visible distress 
No visible distress 

No visible distress 

"Breaker speed reduced by- 
removing two throw-off 
springs. No visible distress 
Breaker in good condition. 
Contacts. slightly burned—• 
other parts as new 












’rntm 




« ]Zr, 




|#|l=.^v 


: 41 ^ 

■i' . •V . ‘i “i 
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metal-dad, oil circuit-breaker fitted with cross-jet 
explosion pots. 

The testing plant consisted of a 3-phase 50-cycle 
lOOOOO-kVA motor-driven alternator running at 


an unearthed 3-phase fault was applied to the test 
breaker. The K5 breaker, as modified to acconimodate 
the cross-jet contact shrouds, had a cross-bar travel of 
7 • 25 in. and a break of 2 x 5*25 in. All 3 phases were 


Table 3. 


Line 

voltage 

Recovery 

voltage 

Breaking 

current 

3-Phase kVA 

Duration, half-cycles 

Length of 

On line 
volts 

On recovery 
volts 

Of short- 
circuit 

Of arc 

■— arc, 

inches 
per break 

kV 

kV 

amps. (R.M.S 

kVA 

kVA 






r 2 370 




3*6 ] 


18-0 

15-4 

] 1480 

65 300 

56 000 

\ 7-5 

4-0 

^ 2*95 



[ 2 450 



1 7-5 

4^0 




I 2 970 



( 8-0 

4-1 ^ 


20-0 

16-3 

\ 2 660 

>■ 84 500 

69 000 

\ 7-6 

3-7 

2-95 



[ 1 700 



8-0 

41 




I 3 620 * 



f 7*5 

3*9 ) 


23-6 

18-3 

\ 2 220 

115 000 

89 500 

\ 7-8 

4-2 

3*05 



[ 2 650 



7-8 

4*2 




f 4 200 * 



( 7*5 

3-8 ] 


26-6 

21-4 

\ 3 150 

150 000 

120 000 

] 7*8 

4*1 

3*05 



[ 2 420 



7*8 

4-1 




[ 2 680 ^ 



8-1 

4 - 15i 


28-2 

23*8 

] 2 990 

147 000 

124 000 

- 7-85 

3-9 

3*05 



1 3480 ^ 



8-1 

4*15 




4 160 



( 8-25 

4-451 


29-8 

25*2 

^ 3 100 1 

169 000 

148 000 

4 7-9 

4-1 1 

3*3 



2 550 



8-5 

4-45 




' 2 500 * 



( 7-9 

4*0 1 


3T4 

26*6 

^ 4 000 - 

187 000 

158 000 

8-2 

4*3 1 

3*3 



3 530 



8-2 

4*3 




' 2 860 “ 



“ 7-9 

4 * 25 ' 


33-0 

27*4 

. 4130 . 

209 000 

174 000 

- 7*65 

4-0 . 

3*3 



4 000 



7*9 

4-25 




' 5 160 " 



^ 7.5 

4-0 ^ 


34-5 

28-9 

- 3 310 . 

246 000 

206 000 

^ 8*0 

4-5 . 

3*3 



[ 3 850 ^ 



8*0 

4-5 




^ 4 080 * 



" 9-3 

5*0 


29'8 

25-2 . 

< 3 050 A 

168 000 

143 000 

■ 9*3 


3*95 



2 720 



8-6 

4-3 




4 220 



" 9-3 

5-0 ' 


31'4 

26-0 ^ 

3 830 ^ 

205 000 

169 000 . 

-. 9-3 

' L 

3-95 



3 220 



8-6 

4-3 j 




' 3 080 : 



' 14.3 

9*2 1 


33-0 

26-4 - 

2 720 - 

166 000 

133 000 ■ 

13-8 

8*8 1 

3*3 



2 910 



14-3 

9*2 J 




‘ 3 300 ' 



^ 13 * 8 

10*8 1 


34-5 

28;4 

4 190 ^ 

217 000 

172 000 - 

11-2 

9*5 i 

3*8 



3 400 



13-8 

10*8 J 



Item 


12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

*23 

*24 


Remarks 


No visible distress 


No visible distress 


No visible distress 


No visible distress 


No visible distress 


No visible distress 


No visible distress 


No visible distress 


No visible distress 

■ Centre phase with both 
breaks shorted—outer 

phases one break on each 
shorted. No distress* 
Centre phase with both 
breaks shorted—outer 

phases one break on each 
shorted. No distress 
Breaker speed reduced by 
removing two throw-off 
springs .-No visible distress 
Breaker in good condition. 
Contacts and shrouds 
slightly burned 


♦ M-B shots. 


1 500 r.p.m. in conjunction with a 100 000-kVA 
3-phase transformer with sectionalized secondary wind- 
ing. The alternator was connected to the transformer, 
with the 33-kV star point earthed, a master breaker, 
and thence to the K5 breaker under test. For all tests 
• ^'■VoL./7L^■ 


accommodated in one tank having steel divisions 
between the phases, the volume of the tank being 
100 gallons . 

Table 1 shows the test data obtained. It is seen 
that the breaker successfully cleared 430 000 kVA 

47 ' 
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(calculated on recovery volts) without any signs of 
distress. The condition after these tests was, in fact 
such that the breaker could have been put into service 
without any attention whatever. It may be noted that 
the arc was extinguished in all cases within 27 per cent 
of the break length, and that the arcing time never 
exceeded 2 J half-cycles. 

Investigation No. 117. 

£ behaviour of the K5 breaker 

fitted with cross-jet contact shrouds at medium powers, 
a further investigation was carried out on the 9th May,’ 
1931. For this investigation the testing plant con¬ 
sisted of a 48 000-kVA 6 600-volt 1 500-r.p.m. 3-phase 
60-cycle alternator, with its windings specially connected 
between phases, in conjunction with 
a 46 000-kVA 11 200/34 600-volt transformer, the star 
point being earthed on the high-voltage side. 


as it would normally be in service, i.e. 3 poles with 2 
breaks per pole. For tests Nos. 12 to 20 (Table 3) 
inclusive, the breaks on the short-circuited side of the 
breaker were bridged by means of special contacts, 
giving a 3-pole breaker with 1 break per pole. For 
tests Nos. 21 to 24 inclusive the single break on the 
line side of the middle pole was also bridged, giving a 
2-pole breaker with 1 break per pole. (It should be 
noted that although the middle pole, physically, was 
bridged, it was the red phase, electrically, which had 
no breaks. This was due to an unavoidable transposi¬ 
tion of phases in connecting up.) As a further variant 
of the conditions for tests 10,11, 23, and 24, two throw-off 
springs were removed so as to reduce the speed of travel. 

Tables 2 and 3 show the results of tests obtained during 
this investigation. In none of the tests was there any 
sign of distress when the breaker cleared, and apart from 
the movement of the mechanism and the usual thud 


Table 4. 


Short-arcmt Tests on Cross-Jet Explosion Pots Fitted to a Type FHKO-\Z^5iB Oil Circuit-Breaker 
_ __ (Investigation No. 409). 


Test 

number 

Line 

voltage 

Breaking 

current 

Single-phase 

Duration, half-cycles 

Length of 
arc, 

inches per 
break 

Pressure 
below oil 

Average 

kV 

per inch 
of arc 

Remarks 

Of short-circuit 

Of arc 

31 

32 

33 

34 

35 

36 

37 

kV 

66 

66 

66 

72 

72 

72 

72 

amps. (R.M.S.) 

700 (est.) 
760 

770 

830 

830 

880 

1 400 

kVA 

46 000 
50 000 
61 000 
60 000 
60 000 

63 360 
100 800 

Current rec 
10 

10 

10 

10 

17 

16 

lord missed 
3-6 

3*6 

5*0 

5*0 

13-3 

10*7 

in. 

7 

5*5 

6*3 

8*3 

6*8 

24-5 

23 

Ib./sq. in. 
12 

4 

12 

4 

low 

4 

10 

kV 

4-7 

6-0 

6-2 

4-3 

6-3 

1-47 

1-56 

Cleared—no disturbance 
Cleared—^no disturbance 
Cleared—^no disturbance 
Cleared—^no disturbance 
Cleared—-no disturbance 
Cleared—slight jar 

Cleared by station breaker 
shortly before test 
breaker reached end of 
stroke 


The supply from the alternator was taken through a 
3-phase 11000-volt air-insulated isolating switch to 
the power transformer, and from the secondary of the 
power transformer to the test breaker via a Type K4A 
metal-clad oil circuit-breaker, which was used as the 
master closing breaker. The test breaker was tripped 
by means of an auxiliary supply, and special timing 
amangements were made so that the instant of parting 
of the test-breaker arcing-contacts occurred about 1 cycle 
after the initiation of the short-circuit by means of the 
master closing breaker. This arrangement was adopted 
obtain the maximum possible short-circuit 
kVA from the available apparatus. 

The results were recorded by means of the 9-element 
oscillograph previously described, and for all tests a 
3-phase unearthed fault was applied. A typical osciUo- 
^m IS shown in Fig. 12 (see Plate facing page 716). 
This shows a novel feature suggested by Mr. F. Hough, 
whereby the curves appear on squared paper in order to 
faoUitate.the interpretation of the results. 

Three groilps of tests were carried out. For tests 
Nos. 1 to 11 (Table 2)-inclusive the breaker was arranged 


accompanying the clearing of the short-circuit the only 
other indication of the short-circuit having been cleared 
was occasional wisps of smoke from the vents. A 
notable feature of the behaviour of this breaker was 
the clean and decisive interruption of the arc. The 
oscillograph records show that in all tests the arc energy 
and the tank pressures were too small to be measured. 
The arcing times are all consistently short, never being 
more than 6 half-cycles except for tests 10,11,23, and 24, 
when the speed of travel was deliberately reduced to 
about half that obtained in the remainder of the tests. 
It is interesting to note, however, that in spite of the 
increased arcing times in tests 10, 11, 23, and 24, the 
length of break for arc extinction is consistent with the 
figures obtained for the higher-speed break. 

The K4A breaker, used as the master closing breaker, 
was also fitted with cross-jet-contact shrouds, and during 
the progress of this investigation and of another series 
of tests not recorded here this master breaker actually 
closed on 40 short-circuits. Examination of the breaker 
at the completion of the full series, of tests showed 
remarkably little burning of the contacts and no distress. 
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Investigation No, 409. 

This investigation was carried out on the 13th~16th 
July, 1931, on a single-phase 110-kV 600-ampere 
Type FHKO—that is 139-64B—oil circuit-breaker 


earthed; above 48 kV the mid-point of the transformer 
winding was earthed. The FHKO breaker had a 
normal stroke of 28 in., the length of a single break 
being 24J in.; this compares with 14 in. for the KIO 


Table 5. 


Short-Circuit Tests on Cross-Jet Explosion Pots Fitted to a Type FHKO—139-54B Oil Circuil-Breaker 

(Investigation No, 409). 


Test 

number 

Line 

voltage 

Breaking 

current 

Single¬ 

phase 

Duration, half-cycles 

Length 
of arc, 

Pressure 

Pressure 
• in 

explosion 

pot 

Average 

kV 

per inch 
of arc 


Of short- 
circuit 

Of arc 

inches 

per 

break 

below 

oil 

Remarks 


kV 

amps. (R.M.S.) 

kVA 



in. 

Ib./sq. in. 

lb./sq. in. 

kV 

‘ 

38 

56 

640 

35 840 

11 

3-5 

5-3 

6 

— 

5*3 

Cleared—^no disturbance 

39 

72 

870 

62 640 

11 

4*3 

7*3 

6 

— 

4*9 

Cleared—^no disturbance 

40 

72 

880 

63 360 

9 

4-0 

6-5 

10 

— 

5*6 

Cleared—^no disturbance 

41 

72 

870 

62 640 

10 

4-4 

7-0 

10 

— 

51 

Cleared—slight gas 

42 

72 

1600 

108 000 

9 

3-8 

6-5 

6 

— 

5-6 

Cleared—slight gas 

43 

72 

1500 

108 000 

10 

4-4 

7*8 

6 

— 

4-6 

Cleared—slight gas 

44 

72 

1 500 

108 000 

10 

40 

6-8 

6 

— 

5*3 

Cleared—slight gas 

46 

96 

580 

55 680 

12 

5-4 

9*3 

10 

— 

51 

Cleared—^no disturbance 

46 

96 

600 

57 600 

10 

4-0 

6-5 

6 

— 

7-4 

Cleared—no disturbance 

47 

96 

620 

59 520 

13 

6*8 

13*3 

6 

— 

3-6 

Cleared—^no disturbance 

48 

96 

600 

57 600 

10 

4-6 

7-8 

— 

— 

61 

Cleared—^no disturbance 

49 

96 

970 

93 120 

9 

3*0 

5-0 

low 

— 

9-6 

Cleared-—^no disturbance 

50 

96 

970 

93 120 

9 

3*6 

6*8 

6 

— 

8*1 

Cleared—^no disturbance 

61 

96 

960 

92 160 

11 

4-0 

6*8 

6 

— 

7-0 

Cleared—^no disturbance 

62 

13-2 

7 000 (est.) 

92 400 

Cur 

rent record 

missed 


124 

—- 

Cleared—^no disturbance 

53 

13-2 

7 000 

92 400 

8 

1-6 

2*3 

— 

164 

2-9 

Cleared—^slight jar 

54 

13*2 

7 500 

99 000 

7 

1-2 

2-0 


24S 

3-3 

Cleared—slight jar, slight 
gas 

55 

13*2 

10 000 

132 000 

8 

1-3 

I 2-0 

— 

232 

3-3 

Cleared—slight gas 

56 

13*2 

13 000 

171 600 

7 

1-2 

2-3 


356 

2-9 

Cleared—slight gas, mod¬ 
erate jar 

57 

13*2 

11 000 

145 000 

7 

2-2 

4-0 

—— 

—— 

1-65 

Cleared—^slight gas, mod¬ 
erate jar 

58 

7*5 

18 000 

135 000 

7 

1-3 

2-5 


376 

1-6 

Cleared—slight gas, mod¬ 
erate jar 

59 

7-5 

19 000 

142 500 

6 

1-9 

3*8 


488 

0-98 

Cleared — slight gas, 
heavy jar 

60 

7*5 

19 000 

142 500 

8 

1-2 

2-0 


240 

1'87 

Cleared — slight gas, 
heav}'” jar 

61 

7-5 

18 000 

135 000 

6 

1-0 

1-8 


224 

2*18 

Cleared — slight gas, 
heavy jar 

62 

7*5 

17 000 

127 500 

8 

1-8 

4-0 


284 

0-94 

Cleared—moderate gas, 
heavy jar 

63 

3-81 

29 000 

110 490 

7 

T-3 

30 


500 -f 

0*64 

Cleared—moderate gas, 
heavy jar 

64 

3*81 

32 000 

121 920 

4 

0-7 

2-0 


500 -1- 

0*95 

Cleared—^moderate gas, 
heavy jar 


specially fitted with cross-jet explosion pots designed for 
use in a 66 000-volt KIQ circuit breaker. 

The testing plant comprised a 100 000-kVA motor- 
driven alternator with multiple windings in conjunction 
with a 280 000-kVA transformer. All tests were single¬ 
phase from 3 800 volts to 96 000 volts at 26 cycles. 
For the lo^y’er voltages one pole of the transformer was 


breaker for which the cross-jet explosion pots were 
designed. 

Table 4 shows the results of the first series of tests on 
this breaker. It will be noted that on test No. 37 the 
short-circuit was cleared by the station breaker before 
the test breaker had reached the end of its travel. 
Examination of the contacts after this test showed that 
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arcmg had taken place between the moving contact and 
the steel studs used to hold in position the plates forming 
the contact shroud. The ends of these studs had blen 
completely insulated in the first place, but it was evident 
irom this test that the insulation was insufficient. For 
the second series of tests, Nos. 38 to 64 in Table 5, the 
steel studs were as a temporary expedient replaced by 
fibre studs, and when this difficulty had been removed 
the breaker withstood 26 shots without showing any 
sign of distress. On examination after Test No. 64 it 
■sras found that both contact shrouds had been blown 
off, o^g to the failure of the fibre studs. Practically 
all the studs had failed in tension, and their failure 
cannot be considered surprising in yiew of the very 
high current interrupted for a 66-kV circuit breaker. 

(8) Conclusions. 

It may fairly be claimed that the art of arc rupture in 

oil has made a marked advance in the past two or three 
y63»rs. 

The use of a shrouded contact offers very considerable 
advantage over the earlier types of circuit breaker, in 
obtainmg shorter arcmg time, less indication of distress 
and more consistent results. ’ 

Instrument equipment is available for obtaining 
testa'^^*^ accurate information from short-circuit 

When the rated breaking capacity which it is desired 

avan?wt capacity of the test plant 

available, an oil circuit-breaker with shrouded contacts 

successively to prove its suitabihty to 
handle high voltage and high current separately, and 
the combined results of such tests may be regarded as 
a guide to Its behaviour under fuU-capacily conditions. 

Finally, the authors wish to place on record their 

appreciation of the valuable co-operation of their 

of this paper, and to mention 

MeS2 Mr ; ^“®y-B.Sc,(Eng.), Associate 

Member’ Mr' B r Associate 

Menaber, Mr. B. G. Churcher, Member, Mr. D. R. 

Davi«, Associate Member, and Mr. A. C. Ehrenberg 

thTifeto" also to express their thanks to 

the Metropohtan-Vickers Electrical Go. for permission to 
publish certain of the data. ' 


AirPEm)IK. 

Calibration of Measuring Apparatus. 
{a)‘The Oscillograph, 

th^forS?''"^ the voltage elementis obtained from 

. . ■■■■'■■ ' rr '■ dRQ 

where B = instantaneous potential difference appUed to 
the series resistance i?, 

d = deflec^on of the oscillograph element, in 
milhmetres, ^ ^ 

Q = ratio of the voltage transformer, 

■ -S'= sensitimty of the oscillograph element, in 

millimetres deflection per ampere. 


The sensitivity of the current element is obtained 
from the forrfiula 

d/ , JJ\ 

• • • • • (2) 

where i = instantaneous current in the main circuit, in 
amperes, 

R = resistance in series wiith the oscillograph 
element, 

Rg = resistance of the non-inductive shunt. 

In practice S is determined for each element by reading 
the deflection on the ground-glass screen previously 
mentioned and measuring the current by a precision 
mlhammeter, a supply being obtained from a battery. 
An arrangement of switches and resistors enables this 
to be carried out at any time without disturbing con¬ 
nections or other adjustments. The mean of forward 
and reverse readings (which should always agree closely) 
IS taken and by this means S is determined to within 
1 per cent. In important tests R, which is seldom less 
than 10 ohms, is measured by a Wheatstone bridge, so 
as to include the resistances of all leads up to the potential 

^ known to a few parts in 
1 000. The main-current non-inductive shunts are of 
the concentric-cylinder, oil-immersed type These are 
speciaUy constructed to withstand the large mechanical 
i “P with currents of the order 

of 100 000 amperes, and may have various values down 
to 0 • 00005 ohm. They are checked periodically against 
primary resistance standards, and the resistance values 
are known to within 1 part in 1 000. The accuracy of 
ovCTall cahbration is therefore well within 2 per cent 
which is adequate for tests of this kind. ’ 

With regard to other possible sources of error, inductive 
efects have been carefully considered. The residual 
inductances of the element series resistors have been 
made entirely negligible for frequencies up to 2 000 cycles 
per second by adopting a suitable construction. The 
residual mductances of the shunts are known and are too 
^all to produce any observable effect in current records 
^e disposition of all leads, boti in the laboratory and 
aose running to the main circuits, is such that self- 
inductance and also mutual inductance with neighbour- 
ing^power circuits is negligible. The natural frequency 
of the, permanent-niagnet elements is 3 000 cycles per 
second, and they will record quantities up to a frequency 
of 2 500 without appreciable error. 

The cahbration of the power elements is carried out 
on the same general lines, the deflection being .noted 
when known direct currents are flowing in the electro- 
ma^et winding and the strip. It is beyond the scope 
Of this paper to do more than enumerate the sources of 
error associated with these elements which have received 
attention. These are: natural frequency limitations, 
saturation of the electromagnet, phase-angle errors due 
to hysteresis in the electromagnet and to the inductance 
of the electromagnet winding, the main current shunt, 
the series resistors, and the phase angle of the voltage 
transformer, if used. 

ip) The Pressure--JM[eusuririg Device, 

The pressure device is coupled to a pressure gauge 
and a hand pump by means of an adaptor. With the 
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electrical connections shown in Fig. 10 the high-freqnency 
voltage is set to the required value as determined by the 
voltmeter V, for example 2 • 5 volts. 

Different static oil-pressures are then applied by means 
of the hand pump, and corresponding deflections are 
observed on the pressure gauge and the oscillograph. 


The calibration factor, expressed as lb. per sq. in. per 
cm oscillograph deflection, has by this means been shown 
to be constant up to 300 lb. per sq. in. 

Adjustment of the sensitivity of the apparatus may 
be obtained by varying the high-frequency voltage 
applied to the bridge. 


Discussion before The Institution, 17th March, 1932, on the Papers by Messrs. Kapp 
AND CaRROTHERS (see PaGE 685), AND MESSRS. PeARCE AND EVANS (SEE PaGE 703). 


Dr. C. C. Garrard: The description by Messrs. Kapp 
and Carrdthers of the various errors and limitations of 
the protection ajflorded by distance relays may be 
briefly expressed by saying that under all conditions the 
crossing of calibration curves of relays in series must be 
avoided. It is suggested, however, that they should cross 
in order that one relay may act as a back-up to another. 
Is this back-up action really necessary ? As time- 
element overload relays are generally used as back-up, 
I think the additional back-up of the distance relays 
might be dispensed with. I am pleading here for 
greater simplicity, as relay systems tend to become so 
complicated as to defeat their own ends. In Fig. 2, if 
the lines (1, 2) went virtually upwards to infinity there 
could be no possibility of crossing. This, however, 
would leave a length of the line (near B^) unprotected by 
the distance relay. The question is, how near can we 
bring the point 1 to ? In order to make sure that the 
whole of ApBo is protected, let us assume that the 
point 1 is slightly beyond B^ in the length BqCq, Tliis 
means that faults very near B^ in BqCq would clear at 
Aq also. There would thus be a certain percentage of 
false operations; by the law of averages this would be 
the same as the ratio of the distance 1 is beyond Bq to 
the length of BqCq. Is it possible that the percentage of 
false operations under these conditions would not be 
greater than with characteristics such as those in Fig. 3 ? 
If this result could be attained, one would have the great 
advantage that the large percentage of faults would be 
cleared in the minimum time of, say, 0*4 sec., instead of 
between 0*4 and 1*5 or 2 sec. Further, the whole 
relay system would be vastly simplified, as the clock 
mechanism would be discarded. I cannot quite follow 
the argument immediately under Fig. 2, and on page 686 
it is stated that the characteristic becomes fiat again 
from point 4 onwards. This does not agree with Fig. 2, 
and if this portion of the characteristic were flat would 
not discrimination be seriously affected on distant 
faults ? I should be glad if the authors would amplify 
the statement (page 689) that a distant small fault will 
bring the voltage down to a very low value. I do not 
think they have given sufficient weight to the effect of 
arc resistance (page 696), If this entirely swamps the 
impedance of the line, it seems to me that it will render 
the impedaince form of protection altogether inadmis¬ 
sible. I should be glad if the authors would give sprae 
information with regard to the connection of the potential 
element of the phase-fault directional distance relays. 
In the case of directional relays for generator protection 
I believe it is best to connect the voltage coils to the 
leading phase: is this procedure also the best for dis¬ 
tance relays ? In my opinion the duplex protective 


apparatus shown in Fig. 14 is the best form of pilot-wire 
protection hitherto produced. It has the advantage 
that a single cheap pilot circuit can be used. Alterna¬ 
tively, telephone circuits hired from the Post Office can 
be used as pilots. The resistance of these circuits is apt 
to vary, as the Post Office retain the right to change the 
length of the circuit from time to time. The duplex 
system is, however, unaffected by wide variations in 
pilot-wire resistance. With regard to Part 3, I am 
doubtful whether a protective system employing the 
S 3 mimetrical components of the current will be of advan¬ 
tage except in special cases. By using relays which 
respond to the symmetrical components of the current, 
we really compare the sizes and angular displacements 
of the currents in the three phases; these have in turn 
to be compared, via the pilot wire, with the phase 
currents at the other end of the line. Further, I think 
that with all protective gear it is the current and poten- 
Vtial transformers which cause the greatest inaccuracies. 
With the symmetrical-components system the magnetic 
circuits of the filters are likely to cause in addition yet 
greater inaccuracies; while there is no doubt that this 
method offers a great field for invention, I do not believe 
that the perfect system will be achieved on these lines. 

With regard to the paper by Messrs. Pearce and 
Evans, I think it may be of historical interest to say 
that the first invention of an oil-blast circuit breaker 
was made nearly 30 years ago by the late Dr. Ferranti. 
The moving contact consisted of a cylinder, one end of 
which was smaller than the other ; this portion fitted 
into the fixed contact, and the whole was immersed in 
oil. When the switch was operated the cylinder moved 
and compressed the oil inside it, which was thus forced 
put between the parting contacts. The device was 
precisely similar in principle to some recent inventions. 
Another of Ferranti's inventions, which is also mentioned 
in this paper, was the multi-break oil switch. The 
authors explain that the more intimately the oil is 
brought into contact with the arc, the better does the 
oil circuit-breaker function. This is really all that the 
oil-blast circuit breaker does. From this point of view, 
in a round-tank circuit breaker if there are Only two 
breaks per phase it is obvious that a large proportion of 
the oil in the tank will be nowhere near the two arcs. If 
four breaks equally spaced around the tank are used, it 
is clear thalt a ihuch larger proportion of the oi! mass is 
active in extinguishing the arc. Although it might be 
thought that the argument could be continued and pro¬ 
portionately better results obtained with six or eight 
breaks, a point is soon reached when the individual arcs 
affect one another and counteract the improvement 
brought about by the larger number. Further, the 
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greater mechanical complexity has a bad effect by 
reducing the clearances. Hence, for voltages of 66 kV 
and above, while four breaks per pole are certainly 
better than two, it becomes questionable whether an 
increase above four is worth while. Eight or more 
breaks per pole would be decidedly a disadvantage. 
The question of round versus square tanks is primarily 
one of mechanical strength; a given degree of strength 
can be attained in either type by suitable design. 
Further, it is necessary to utilize the space available to 
the best advantage, i.e. so as to secure the maximum 
possible clearance between phases. From this point of 
view, if the three phases are placed in one tank, a rect- 
an.gular form is preferable. If each phase is in a sepa¬ 
rate tank the circular shape is better. The evidence 
given in this paper shows that the cross-jet explosion 
pot gives excellent results. The point I would like to 
raise is, is this device worth while ? It is an excellent 
principle of engineering that of two solutions, the simpler 
one is the better. In this connection there is a rather 
illuminating remark at the top of the left-hand column 
of page 720. The construction shown in Fig. 4 is 
excessively complicated. The requirement has been 
laid down that it should be possible to examine the 
contacts of an oil circuit-breaker by means of a periscope. 
It would require a very special kind of periscope to 
examine this contact. After a few operations the whole 
of the interior of the pot must become coated with more 
or less conducting deposits, and in view of the difficulty 
It would probably never be cleaned. In my experience 
most switchgear difficulties are due to minor troubles, 
and the best precaution against these is regular inspec- 
^on and proper maintenance. In practice, circuit 
breakers made by reputable manufacturers and suitably 
mstehed do not fail under short-circuit conditions, even 
If they are fitted with plain breaks. Before we can 
accept the necessity of the construction advocated by 
the authors, it must be shown that for a given rupturing 
capacity It is possible by it to make a circuit breaker 
S dimensions, and therefore cheaper, 

I ^ould point out that on the 

rt e^losion-pot circuit breakers 

are just as big as the plain multi-break type. I am 

im^S ? statement on page 709 that contact is 
impro^d by burmng, due to impurities being burned 

true that buS^S 
tacfe have had a considerable vogue in America they are 
rightly viewed with disfavour by British engineers ^The 
cntenon of contact is, I think, the specific mSSreSr 

callv hSit conductivity goes up asymptoti¬ 

cally to a liimt, pressures above this limiting value do 

fita?vT" ^^f°“tact. There is a conta“!r2Sn2 
film which is broken down at a cerfain ^^esis^ce 

the advantage of the line contact. The^avJSe^totel 
force is concentrated in a smaU area ao fif TTv 
pressure per square inch is increased ^ . 

contact is large with 4 . 4 . 

pre^ure is less’and the contact warsf''on*^4®^®Sf° 
hand, if a point contact is adopted the 


fore, the reason why burning causes an improvement of 
the butt contacts is that it converts them into line con¬ 
tacts. In conclusion, I should like to refer to the 
question of recovery voltage. On page 715 it is stated 
that the rate of rise of recovery voltage is not at present 
seriously considered in the classification of circuit- 
breaker performance, and I think that this is to be 
regretted from the point of view of the theory of the 
subject. It is in the variation of the speed of rise of 
recovery voltage that an explanation of many of the aJ: 
present inconsistent experimental results will proba!:)ly 
be found. 

Mn E. B. Wedmore: The success of discriminating 
relays depends upon the reliability of operation of the 
circuit breakers; hence the importance of reliability 
stressed by Messrs. Pearce and Evans. Further, thcj 
service is greatly improved if the circuit breakers can be 
made to operate quickly. In several foreign countries 
large testing plants have been installed for the develop¬ 
ment and testing of circuit breakers, and the experience 
gained from the use of these plants has resulted in the 
production of new designs of circuit breakens which 
promise a solution to some of the difficulties associated 
with the older types. I welcome the paper by Messrs. 
Pearce and Evans because it contains the first pulv 
lished description of a circuit breaker made by a British 
manufacturer based on the new ideas and principles that 
are being developed by recent research. Where a circuit 
breaker develops its own circuit-breaking force, it i.s 
essential that tests on every feature of the design should 
be made over the whole range of possible working cur¬ 
rents. Tables 1 to 6 are a mere sample of the extensive 
senes of tests required for the effective commercial 
development of a circuit breaker of the type in question. 

If we are to be able to deal effectively with the needs of 
the industry and ascertain with reasonable precision the 
proper ratmg of British designs, and if we are to main- 
m our position in the race—^now becoming very rapid 
-for securing the market for new designs, it is eiential 

SSfT the testing facUities to which the 

anthom refer on page 712. It is clear that the designers 
P^^tend that they have solved the problem of 
between the contacts. Experi- 
S^ntte ?o effectively introduced 

f order of 

pected to be rLr similar figures may be ex- 

the authors do 

Se Sc ^ Oil jet across 

amount I amount of oil is fixed but the 

whether it is possibirtoSbta^ ^ 

^ion over any considS- 
circuit should be 

cycle, and this involves a Sr^^Sn 

ofl. As the gas is verv ^ ^ acceleration of the 

it wiU seek the neaSt el? “ o^panson with the oU 
nearest exit via the path involving the 



DISCUSSION BEFORE THE INSTITUTION, 17th MARCH, 1932. 


723 


minimum displacement of oil. A bubble of gas is 
formed which at heavy currents creates a very high 
pressure inside the chamber, and the gas stream will 
carry oil vapour and oil with it. The result is that the 
blast is continued after the current has passed the zero 
value, and the material which is then being carried for¬ 
ward last of all is much cooler than that in the arc 
stream. I feel that the authors" design is valuable 
because the arc is extinguished in a small chamber 
readily made capable of withstanding the high pressures 
set up when heavy currents are broken. This form of 
switch need not have the large dimensions and sub¬ 
stantial tank construction necessary in the more ele¬ 
mentary designs which now dominate the market. The 
authors do not make a comparison between the results 
obtained with their design and with the common type, 
though I anticipate that by fitting their device they will 
be able easily to double or treble the rupturing capacity 
of an ordinary circuit breaker. I anticipate that the rup¬ 
turing capacity would be further increased, however, by 
venting the first chamber so as to allow a readier egress 
of gas, than by using the pressure first developed to 
create motion of the oil. The baffle construction is 
valuable, for it controls and prevents extension of the 
arc when the current is heavy, besides reducing the 
amount of burning of contacts. The oil film should 
protect the insulating material from serious destructive 
action. 

Mr. T. Carter: I shall deal first with the paper by 
Messrs. Kapp and Carrothers. Until the advent of the 
British “ grid,"" little use was made in Great Britain of 
time-distance protection, and it is because of what the 
authors, amongst others, have done that British manu¬ 
facturers have been encouraged to develop protective 
systems of this type, which are now in extensive use on 
the grid. Fig. 1 shows the characteristics of Continental 
and American practice prior to the British development, 
and many impedance relays are working on the lines 
there indicated. The demand for something better for 
the grid led, however, to the development, in the ratio- 
balance protective system, of characteristics like those 
shown in Fig. 2. The desirability of instantaneous 
tripping, and of characteristics that would avoid crossing, 
was pointed out by Mr. Leeson* at the 1929 Paris 
E.H.T. Conference, and the details were fully described 
by Mr. Leeson and Mr. Leben in a paperf presented 
to the 1931 Conference. The qualities of distance 
protection having such characteristics approach those 
of Merz-Price protection. It is always necessary, how¬ 
ever, that time-delays should be tolerated for faults 
at some points with distance protection ; and it seems 
to me, therefore, that Merz-Price systems are the 
technical ideal. It is only the cost of pilots that 
prevents their use on the grid for long lines. Many 
short sections are protected by, for example, the split- 
pilot system, which is of the Merz-Price class. The 
authors appear rather to underrate the effect of arc 
resistance on the correct operation of distance protec¬ 
tion. It is clear that, whether the effect is great, or 

* Report of the International Conference on Large Electric Systems, 1929, 
vol. 3, p. 687. 

t B. H. Leeson and H. Leben: “The Principles of Feeder Protection and 
their Application to Three Modem Systems,’* Report of the International 
Conference on Large Electric Systems, 1931, vol. 2, p. 873. 


whether it is small, it can be eliminated altogether by 
making the basis of the system a reactance measurement, 
and not an impedance measurement. I think it best to 
avoid the use of compensated voltage whenever possible ; 
but if it has to be used it is not disadvantageous, as the 
authors suggest, for reactance relays, because a com¬ 
paratively large phase-angle error gives a very small 
error in reactance measurement. I agree with what the 
authors say about supplying distance relays on systems 
like the British grid with leakage current alone; but, 
when operation is by means of current in the earthed 
phase, the error is small in practice; and this is borne 
out by what is said in the paper near the top of page 694. 
It is therefore better to operate by current in the earthed 
phase than to use the authors" method (Fig. 10), which 
further complicates something already inherently com¬ 
plex. I agree that protection is more difficult when 
there is a neutral earthing resistance of high value than 
when there is solid earthing; but I suggest that the usual 
high-voltage network, earthed through a resistance of 
medium value, is easier to protect than if the system is 
solidly earthed, because, for example, the relays have to 
discriminate over a smaller range of current. The 
duplex system with pilots tends to reduce clearance 
times; but this is offset by the need for a balanced 
pilot-circuit; and the system does not allow an inter¬ 
locking signal to be transmitted by one superimposed 
high-frequency current in the overhead line. On the 
other hand, the interlock system has only a plain pilot, 
and uses a simple signal. It is thus eminently suitable 
for working with superimposed current, and is actually 
in use in this way. The suggestion for a pilot earth- 
wire "" (page 699) is very ingenious, and I should like to 
know whether it has actually been used, and, if so, how 
it behaves in service, particularly in respect of dura¬ 
bility. I agree, in view of the vital part that protective 
systems play in maintaining continuity of supply, that a 
large margin of stability is desirable; and I consider 
that all protective systems should have this charac¬ 
teristic stated in the form of a stability factor. Mr. 
Clothier has asked me to make the suggestion that, in 
view of the importance of infallibility of operation in 
protective systems, the Institution might well undertake 
a special study of such systems, and that for this purpose 
it might set up a special committee, which would report 
to it annually, but the scope of its annual reports would 
be wider than that of the Progress Reviews printed in 
the Journal from time to time. The committee should 
consist of consultants and users, to the exclusion of 
manufacturers, who could, however, put at its disposal 
a large amount of helpful information. 

The testing of circuit breakers is the only right way 
to judge their performance, and the paper by Messrs. 
Pearce and Evans will further stimulate the realization, 
already becoming general, of the value of facilities for 
conducting British short-circuit tests. To be fully 
useful, these must be made under some agreed standard 
test-circuit conditions of severity, since otherwise it is 
difficult to asses in any completely useful way, in 
relation to selection of circuit breakers, the value of 
tests made, on the one hand, with plant of definitely 
known characteristics operating in a known circuit, 
and those made, on the other hand, with borrowed 
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plant of varying and uncertain constants. One of 
the authors main endeavours seems to be to improve 
s-mtehing ca,pacity by using special contacts; and the 
lUustration m Fig. 4, together with the short-circuit 
tets reported m Section 7, relate to what appears to 
be their mam Ime of attack on the problem. The 

testing is required to establish 
whetter such special devices are or are not of general 

W difficult, indeed, to discover precisely 

how much improvement in switching capadtv the 

from the use of thJ^rdss- 
behaviour normaUy 

^ contacts 

Shrouded contact devices appear to give good per- 

or”dderi no distortion 

deterioration of the components of, and in the 

shroud, and repeated tests have shown that ^tter 
wSo^^^ ^ obtained than with plain contacts 
bevin? tank enclosures more severely; but, 

yond the stage where distortion or deterioration 
coS ® performance of circuit breakers with shrouded 
contacts may become critical earlier than it does with 
plam contacts. On page 707 the authors state that the 

‘^PCJ^g " f/' and that this 
nTLf the horizontal passages." 

It is not clear to me how this action takes place The 

p^ure exerted on the oil in " b ” through the hole 
f . would appear likely to be opposed by a pressure 
n^ating at the s^e point as the one acting through 
f, but operatmg first horizontally to the left of Ihe 
movmg contact along the passages “cc " and 

^ L .?,e i, 'Sa .St, “S 

® smce the pressure at 

Jii rfic last-mentioned prepare there 

voltage is "a^ 

Litnt P short-circuit 

r , "appUed” strictly correct? 

It " allowed to grow ” be us^d instead ? 

£mp£d t," circumstances coni 

veSen^';^^u “particularly incon¬ 
tacts is normall ^ inconvenience at con- 

^ts js nomally caused by current, and not by voltage 

raJenT'L^* voltage is greatest at the zero paLe of lie 
tisQ fi highest value when the current 

SaxSL'T® ' «ct seem to be necessary to 
regard it as an mconvemence at the contacts. ItLiv 

«it ct,,^ a to .to‘S 

W^tte ara«t.b,t«k„sta.cto; but not othertriso. 

exi^pt SO far as its rate of rise at each zero pause is a 
factor tendmg to establish another half-wave of current 
I consider that the authors speak rather looTe^^i 
mconvemence when the performance is over, the culent 
having been finaUy interrupted. Fig. 6 would be m nrh 
more us^ if numerical values wele ^^n to5S£ 
more detotely the relations between the variables It 

Z 1 '*•"«» wbut inches of ra duration 
®r^^f®-„-^ccordmg to the Table <m page 714 

voS^s oscillograph elements!oily oi 

voltage was measured; and this is confirmed by the 


record of only one voltage in each test in Tables 1 to 3. 
It would be mteresting to know how the 3-phase kVA. 
calculated on recovery volts was arrived at in these 
tables, w^n the recovery voltage of one phase only was 
known. The values of the duration of the arc in half¬ 
cycles recorded in Tables 1 to 3 are not essentially 
different frorti those usually obtained with plain con- 
tacte; and it is for this kind of reason that I should like 
to have some further information about the amount of 
benefit m switching capacity obtained from the use of 
the authors’ special contacts. On the showing of the 
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^®®® do not seem to be worth the 

^ditional compheation they necessarily introduce. 
With regMd to Table 3, I should he interested to know 
whether tests were made at kVA values well above the 

to find ^y defimte statement of the normal rating of this 

capaciiy is 100gallons, and 
sucha t^kM usually associated with a breaking capacity 
of about ^600 000 kYA. What kVA benefit if actaaS 

pot to such a circuit 
to^r ? The values given in Table 1 are 635 000 fcVA' 
calculated on line volts, and 430 000 kVA, calculated on 
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recovery volts. The former is only 7 per cent above the 
value I have assumed to be the rating of the K5 circuit- 
breaker, and the latter is actually below it. It seems to 
me that tests at values definitely above the normal 
rating are essential in order to indicate the factor of 
safety implied in the rating, and that particulars should 
be given of the conditions of severity in the test circuit, 
the self-capacitance, and the rate of rise of the restriking 
voltage. 

Mr. W. A. Coates: In connection with the paper by 
Messrs. Pearce and Evans, Fig. A illustrates the trend 
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(а) Type K. 4a with cross-jet explosion-pot. \ , 

(б) Type K. 4a with de-ion grid. J-Scale 


of advance in circuit-breaker design. The length of the 
horizontal line indicates the arcing times which have 
been claimed by different writers for their own t37pes of 
circuit breakers in various papers presented recently. It 


will be noted that with the ordinary plain break, the 
arcing time is both long and very variable. All the 
three well-known types of special-contact circuit breakers 
show greatly reduced arcing times. It may be felt that 
these results are not strictly comparable because they 
concern difierent t 3 ^es of circuit breakers. Fig. B 
shows the results of a limited series of tests taken with 
different contacts fitted in the same circuit breaker. 
They therefore bear direct comparison, and again it will 
be seen that the arcing times with the shrouded contacts 
are the shortest and most consistent. The authors are 
to be congratulated on the fact that they have been able 
to use equipment which gives on a single film a syn¬ 
chronized record of movements and pressure, as well as 
of amperes, volts, and watts. In particular, the pressure 
record is much more accurately readable than those 
available hitherto, and it has enabled us to prove a 
theory that had been held for some time previously, 
that in an oil circuit-breaker the pressure waves which 
are set up are irregular in relation to the current wave, 
and that the arc ‘finally goes out at the instant when the 
peak of the pressure wave synchronizes with a zero 
pause in the current wave. This is clearly shown in 
Fig. C (page 726), which indicates in the upper portion 
the path of contact through the grid of a cross-jet 
explosion-pot, while plotted below are the pressure and 
current waves. This graph was built up from the oscillo¬ 
gram of a definite test. 

Dr. W. B. Whitney: I congratulate Messrs. Pearce 
and Evans on their achievement in obtaining nine such 
clear records on one film (see Fig. 12). On page 718 the 
authors state that the arc energy was 'too small to be 
measured; an arc energy of from 26 to 50 kW-sec. per 
phase is, however, shown in Fig. 12. It would be 
interesting to know the lowest arc energy that could have 
been read on the records to which they refer. With 
regard to the behaviour of the shrouded contact at differ¬ 
ent circuits, one would expect that the contact shown 
in Fig. 4 would give fairly consistent behaviour on heavy 
currents, but that the consistency of the results would be 
less at reduced currents when the clearance outlets 
around the moving electrode would allow a greater pro¬ 
portion of the arc products to escape in directions other 
than across the arc path,. Some such inconsistency is in 
fact shown for currents below 1 000 amperes in Tests 35 
and 36, Table 4, and Tests 46 and 47, Table 5, where 
there are variations of nearly I to 2*5 tod 1 to 1-7 in 
arc duration, or (from the figures of arc length and arc 
duration) estimated variations in arc energy of 1 to 10 
and 1 to 3*5 respectively. In the absence of informa¬ 
tion as to the length of stroke within the shroud, it is not 
clear whether the associated variation in length takes 
place within the shroud or is due to the contact moved 
out of it, and information on this point would be of 
interest. 

Mr. J. W. Rissik: We seem to be paying too much 
attention at present to the question how we can improve 
tiie existing oil-circuit breaker, whereas developments 
abroad show that foreign engineers are experimenting 
with other types of circuit breakers. We must con¬ 
sider whether the oil-less circuit-breaker is destined 
eventually to displace the oil circuit-breaker, just as the 
rectifier displaced the rotary convertor or the recipro- 
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eating engine was displaced by the turbine. In this 
connection I notice that on page 707 reference is made 
■work of Dr. Kesselring, who has followed the 
scientific method of first proposing a theory of the circuit 
breaker and afterwards designing a switch to fit in with 
It, mstead of following the old method of basing the 
. empiricism. The success with which his 

circuit breaker has met shows that his theory cannot be 
far wrong. The female contact is similar to that used 
in the orthodox circuit breaker and is enclosed in an 


idea of obtaining saturated steam had its origin in the 
fact that in a superheated vapour the molecules consti- 
tutmg the gas are relatively far apart and therefore any 
negative electrons left behind by the arc can move freely 
in the large spaces between the large molecules, by reason 
of their being outside the radius of attraction of each 
rnolecule. If, however, the molecules are packed more 
closely together, every free electron will be attracted by 
one or other of the large molecules and immediately 
neutralized. Thus, if on breaking the arc a saturated 
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Fig. C.-Pressure/travel curve for cross-jet explosion-pot. 


e^ansion chamber resembling an explosion pot. The 
theoty IS that in order to obtain a successful switch we 
must aim at de-ionizing the axe space, i.e. neutralizing 
all the free electrons of the arc before the recover^ 
voltage reaches a definite value. When the male con- 
^t leaves the female contact, and whilst it is stiU inside 
the nozzle, the arc generated wiU cause superheated 
steam to be formed. As soon as the male contact 
leaves the nozzle, the steam will expand. Kesselring 
hM shown toat if we allow the steam to expand freely 
thCTe IS such a rapid temperature-drop that it becomes 
the recovery voltage has had time to 
Duild up to the value necessary to restrike the arc. The 


vapour IS formed, de-ionization immediately occurs and 
the IS quenched. It is for this reason that the 
cmcuit breaker is caUed the " expansion breaker " and 

operating conditions. 
{communicaied): I am 
particulaxly mterested in Part 3 of the paper by Messrs. 
Kapp md Carrothers. where the' authors discuss the 
possib^ty of making use of ttie distortion of the vector 
currents and voltages for the purpose of operating 
relays. Their method is based on the symmetricah 
component analysis due to Mr. C. Le Geyt Fortescue 
which IS often used for the treatment of short-circuit 
problems as well as of the problems dealt with in the 
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paper, especially in the United States. As a number of 
difficulties are encountered when making such calcula¬ 
tions, however, there is much to be said in favour of the 
more ordinary and better-known graphical methods 
employed in this country. For instance, when using 
the symmetrical-component treatment it becomes neces¬ 
sary to settle the values—even if only approximately__ 

of the positive, negative, and zero phase-sequence 
reactances of the generator, transformer, and line cir¬ 
cuits. The zero phase-sequence circuit for earthed 
systems involves a knowledge of the penetration of the 
earth current to a depth of, say, 5 000 ft. below the 
surface, and thus there are a number of somewhat com¬ 
plicated networks to be solved when attempting the 
calculations referred to above. For many cases it seems 
to be simpler to find the displacement of the neutral 
of the system, treated as a floating neutral, and then— 
using the value and phase of the distortion voltage so 
obtained—to take the earth current as this displacement 
voltage divided by the impedance of the line circuits in 


ai 



the triangle which represents earth potential, and the 
vectors from this point to the apexes of the triangle 
represent the line-to-earth voltages. If there is no 
current flowing in the earth at the point of measurement, 
the earth-potential point coincides with the centroid, 
however distorted the triangle may be, since the vector 
sum of the line-to-neutral voltages must be zero. When, 
however, current does flow in the earth, the earth- 
potential point no longer coincides with the centroid 
of the triangle; but the vector joining it to the centroid 
of the triangle (which, I think, is the “displacement 
vector “ referred to by the authors) represents in mag¬ 
nitude and direction the zero-sequence component of 
the line-to-earth voltages. Fig. D shows this at a glance 
and illustrates very plainly the value of the conception 
of S 3 nnmetrical components in forming a picture of the 
effect of the earth current on the voltages. In Fig. D, 
(a) and (&) represent the same voltage triangle (an un- 
symmetrical one, for generality), but the earth-potential 
point is different in each case. The line-to-earth voltages. 



OA, OB, OC,—^Line-to-eaxth voltages. ai, bi, ci.—^Positive-sequence components. 

O^A, O^B, ox,—Line-to-neutral voltages. a 2 , b 2 » C 2 .—Negative-sequence components. 

ao> bo, Cq. —^Zero-sequence components. 


parallel plus the earth-circuit impedance. A number of 
experimenters have endeavoured to use the distortion 
of the voltage diagram for relay working, but I under¬ 
stand that the operation of this type of system is rather 
critical and more suitable for the laboratory than for 
practice. Nevertheless, the method should be explored, 
as it appears to offer many useful applications. 

Mr. D. Jamieson {communicated ): Messrs. Kapp and 
Carrothers deal with the question of symmetrical com¬ 
ponents (page 700) in a very general way, leaving out any 
attempt at a mathematical analysis. When, however, they 
refer to neutral displacements it is not immediately evi¬ 
dent what they mean. One could assume, for instance, 
that where a voltage triangle is distorted there must be 
a neutral displacement. This raises the question what is 
the actual neutral, and, if there is a displacement, 
where is the true neutral from which the actual neutral 
is displaced. The vector sum of the voltages from the 
centroid to the apexes of any triangle is zero, and the 
centroid may therefore be defined as the true neutral. 
Thus if we have a triangle whose sides represent the 
line-to-line voltages of a system, the true neutral of 
the system is at the centroid of the triangle. If the 
system has an earthed neutral, there is another point in 


OA, OB, OC, have been split up into their symmetrical 
components by geometrical construction. In each case 
the centroid is in the same position, the positive- and 
negative-sequence components are the same, but the 
zero-sequence component is different and in each case 
exactly equal to the distance between the earth-potential 
point and the centroid of the triangle. It is immediately 
evident, as the authors point out, that the zero-sequence 
component is the important quantity during earth 
faults. A potential transformer on the low-voltage side 
of a power transformer automatically produces a neutral 
which is at the centroid of the line-to-line voltage 
triangle, since the sum of the potential-transformer 
secondary voltages must be zero at the neutral. Hence 
if there is such a neutral displacement as that referred 
to by the authors, the line-to-earth voltages are not 
correctly reproduced unless some form of compensation 
is adopted. The authors state that the displacement 
voltage is either in phase or 180® out of phase with the 
earth or zero-sequence current. This statement would 
only be true if the zero-sequence impedance were entirely 
resistive. In the general case it is more likely to be 
almost whoUy reactive, so that a compensating voltage 
derived from the zero-sequence current would require 
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to lead this current by approximately 90°. I would 
enter a plea for the abolition of the term phase rota¬ 
tion '' and the substitution of the term phase sequence.*' 
Phase rotation is a physical property of rotating machines, 
and when the term is applied to static transformers or 
to any set of 3-phase terminals it can be very confusing, 
especially in connection with a vector diagram. On the 
other hand, phase sequence ** definitely conveys the 
meaning that the voltages reach their maximum values 
in a definite order or sequence. Such a sequence must 
be either “standard" or “non-standard," and this 
conveys its effect on rotating machines. The terms 
“ positive sequence " and “ negative sequence " are also 
preferable to “forward phase-rotation" and “reverse 
phase-rotation," and have the additional advantage 
of a meaning in symmetrical co-ordinates. 

Dr. J. Kopeliowitch and Mr. J. K. Brown (Switzer¬ 
land; communicated) : On page 712 of the paper by Messrs. 
Pearce and Evans it is claimed that by means of two 
series of short-circuit tests one can check the performance 
of a circuit breaker in which the arc is controlled by 
means of a shroud. Firstly, a series of tests is made 
up to full voltage or over, to determine that the circuit 
breaker can withstand the required voltage when the 
minimum assistance is derived from the shrouds. 
Secondly, a series of tests is made ranging up to full 
current or over, at the maximum voltage. This method 
which had been described* elsewhere before the present 
paper was read, may have dangerous consequences. It 
IS clear that the arc is more easily extinguished at lower 
voltages, so that tests carried out with large currents 
and lower voltages are no criterion of what would take 
place at the full rupturing capacity. Circuit breakers 
with explosion chambers are, in general, sensitive to 
overloading. In order to produce the necessary blow¬ 
out effect on the arc, explosion chambers must work with 
high pressures. Every additional half-period of arcing 

pressure in the explosion 
into con- 

are carried out on switches with 
capacities. This conclusion is sup- 

c^cuit-breaker equipped with explosion pots. The 
of irkV ^ recovery voltage 
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for a 3-phase circuit breaker with all three phases in one 
tank; the tests were carried out with a recovery voltage 
equal to the normal rated voltage. It may be seen 
that when the first few points have been determined 
it is possible by extrapolation to find the maxim urn 
pressures for higher capacities. From these tests it i.s 
also possible to determine the i*elatively simple relation 
between the arc duration and cun*ent for the rated 
voltage, and consequently the production of gas and the 
I pressure in the circuit breaker. As a result the various 
factors which determine the performance at full capacitv' 
can be calculated. When the circuit breakers are 
correctly designed this method of calculation gives very 
accurate results which agree with the values obtained 
from actual tests in the high-power test plant. In 
some cases, for example e.h.t. circuit breakers witli 
larger rupturing capacities, this method is essential as the 
test-plant capacity available may be inadequate. Witii 
regard to short-circuit tests, particular attention should 
be devoted to the calculation of the kVA interrupted. 
We would emphasize the authors* statement (page 715) 
that it is to be regretted that as yet there is no uni- 
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method of calculating from test oscillo- 
the power broken.” Until an international 
agreement is reached it will remain extremely difficult 
to make coinpansons between the performance of circuit 
breakers under different short-circuit conditionL Sm 
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(Clause 6). This makes the rupturing current in one 
phase 49 per cent too high The reason for neglecting 
the d.c. component of the current when calculating the 
rupturing capacity has been explained previously.* 
With regard to the voltage rating, it has become general 
practice in all countries to consider the recovery voltage 
after the short-circuit, the one exception at the moment 
being America. The proposal put forward by Germany 
to use the active voltage has not been accepted, as the 
V.D.E. Specifications definitely infer the recovery 



/o ( T= natural frequency of oscillation) 

Fig. F.—Relation between arcing time (t), pressure (p), and 
natural frequency of oscillation (/q) of test circuit. 


voltage. This decision was probably reached on account 
of the difficulty of calculating the active voltage from 
the oscillograms of actual short-circuit tests. In the 
recent proposals of the I.E.C. it is recommended that 
the rating of circuit breakers should not be given in 
terms of kVA. If this idea is adopted tests should be 
carried out in such a way that the rated current is 
interrupted at a recovery voltage equal to the rated 
voltage of the circuit breaker, i.e. the recovery voltage 
for short-circuit tests should equal the rated voltage, and 
the voltage before the test should be somewhat higher 
to compensate for the decrement during the short- 



Fig. G. 


circuit. Turning to section 4(g), concerning the number 
of breaks in series, it is difficult to understand the authors’ 
statement on page 710 with regard to the non-uniform 
potential distribution across the breaks when the system 
is earthed. Although the voltage distribution for the 
three poles is difiPerent, this condition has to be met by 
all types of circuit breakers. In single-phase tests on a 
circuit breaker having four breaks in series for the two 
different conditions shown in Fig. G no difference of 
performance was observed as judged from the arcing 
times and the pressures in the breaker. A second 
series of tests on two breaks in series, with the neutral 

J. Kopeliowitch:“ International Standardization of Oil Circuit-Breakers: 
Definition of Rupturing Capacity,’^ Revue Gdn^raM dc VttleciriciU, 1928, vol. 24, 

p. 625. 


point earthed and unearthed, gave a similar result. The 
total voltage across the circuit breaker was the- same in 
each case, the actual terminal voltage with respect to 
earth being as shown in Fig. H. For 3-phase tests 
similar distributions occur, so that it may be concluded 
that the exact difference due to the potential distribution 
for multi-break as opposed to 2-break switches cannot 
be derived from systematic tests.* With regard to 
recovery voltage (page 711), the authors state that any¬ 
thing which promotes a steep decrement curve is likely 
to encourage a corresponding rise of voltage when the 
short-circuit is removed. It may be remarked, however, 
that the voltage decrement during the short-circuit is 
only compensated after a time-interval of the general 
order of seconds, while the important feature is the 
transient oscillation occupying only several micro¬ 
seconds. Consequently, the reason why a machine 
with low reactance gives a high value of recovery voltage 
is the fact that the reduction in the reactance causes 
an increase in the natural frequency of oscillation. 
This fact is illustrated in Fig. F, which shows how a 
reduction of the natural frequency of transient oscilla¬ 
tions affects the arc length and pressure. The tests 
were carried out on the Brown-Boveri high-power 
electrical testing plant, which had a natural frequency of 



Fig. H. 


6 800 for the connections used. The reduced stress on 
the circuit breaker is extremely important, and it is 
clear that the test conditions met with on a testing 
plant with a high natural frequency of the order of 
25 000 are more severe than those encountered on a 
network where the natural frequency is considerably 
reduced owing to the additional electrostatic capacitance 
of the transmission lines. 

Messrs. R. O. Kapp and C, G. Carrothers [in reply ): 
Dr. Garrard wishes to know whether the back-up feature 
provided by impedance relays, as shown, for instance, in 
Fig. 2, is necessary if overload relays are employed in¬ 
stead as a back-up. In our opinion overload relays are not 
a desirable means of back-up for impedance protection, 
and they should be omitted on networks protected in 
this way. The overload is a non-discriminating back-up, 
whereas the back-up feature provided by the impedance 
relays themselves is discriminating. It ensures that if 
it comes into operation only two sections will be brought 
out, whereas back-up overload relays may bring out 
unnecessarily a great many sections. It is not at all 
necessary that the lines on the back-up portion of the 
impedance characteristics should cross; and if they do, 
it will be at a great distance from the protected section 
where crossing does not matter. Dr. Garrard also refers 
to our remark that the characteristics shown in Fig. 2 
again become flat from point 4 onwards. The word 

flatis perhaps misleading, and it would have been 

♦ This fact may be readi^ explained from physical considerations, as 
is shown in an article by Dr. J. Kopeliowitch which will be published shortly 
inXh^S,E.V.BulUUn. 
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better if we had said that they become " flatter.’’ We 
with Dr. Garrard’s suggestion that the small risk 
might be taken of false operation ijivolved in covering a 
arger portion of the protected section by instantaneous 
protection; the point is interesting. 

Br. Garrard and Mr. Carter are of the opinion that 
arc resistance is important and that its effect should be 
eliminated from distance protection. Apart from the 
arguments set out in the paper, there is the experience 
of the impedance type of protection which does not go 
to support the contention that its operation is rendered 
unreliable by arc resistance. In our opinion the fear of 
the effect of arc resistance is likely, as time goes on, to 
diminish rather than increase. 

We support Dr. Garrard^s suggestion that it is generally 
desirable on directional relays to connect the potential 
coil to the leading phase. While we agree with him 
that the symmetrical components cannot be obtained 
with^ great accuracy, we should like ifco point out that a 
considerable inaccuracy does not matter when these 
components are used merely to operate directional relays. 
In such circumstances it is not important to have a 
correct quantitative indication of current or voltage, 
but it is very important to have as positive an indication 
as possible of the direction of power. The great 
advantage of the negative phase-sequence component is 
that it gives a very pronounced indication of the direction, 

particularly in proximity to the fault. 

Mr. Carter inquires about the durability of the pilot 
earth-wire. Such a wire was installed on a portion of a 
hne in Cheshire in May 1929, and repeated tests have 
been made to ascertain its condition. This is still good, 
and the experience so far gained suggests that there is , 
no fear of deterioration or damage due to storms or other 
causes. 

We fully agree with, and our experience confirms, the 
view put forward by Prof. Catterson-Smith that the use 
of distortion of the voltage diagram for relay working 
leads to rather over-sensitive operation. 

We agree with Mr. Jamieson that the words neutral 
displacement are somewhat ambiguous, and we con¬ 
firm that in the paper they mean the zero phase-sequence 
voltage. As Mr. Jamieson says, some form of compensa¬ 
tion is necessary if a voltage taken from potential- 
transformer connections is employed as a measure of the 
zero phase-sequence voltage. The compensation may 
be for the drop in voltage due to the current carried by 
the power transformer and also for the displacement of 
the phases occasioned by the magnetic coupling in the 
transformers. The phase relationships which may occur 
vdth various power-transformer and potential-trans- 
former connections, and which also depend on how the 
neutral point is earthed or whether it is unearthed, form 
a very large subject which would almost require a 
separate paper. Mr. Janaieson rightly points out that 
the wording is somewhat loose where we say in the paper 
that the displacement is either in phase, or 180® out of 
phase, with the zero phase-sequence current. We should 
have said that the current in the neutral due to the zero 
phase-sequence voltage is either in phase, or 180® out of 
phase, with the corresponding line current, but this 
current may bear any angular relationship to the zero 
phase-sequence voltage, this relationship being a function 


of the circuit constants. We agree with Mr. Jamieson" 
that the term phase rotation might, with advantage, 
be dropped, and we would go further and suggest that 
the whole terminology of symmetrical co-ordinates 
should be revised by the British Standards Institution. 

Messrs. H. Pearce and T. T. Evans {in reply): We 
were interested to hear Dr. Garrard’s comments on the 
invention of the oil-blast circuit breaker by Dr. Ferranti 
some 30 years ago. It is perhaps unfortunate for the 
art that this work was not seriously followed, as undoubt¬ 
edly if the importance of the invention had been realized 
earlier the progress of oil circuit-breakers would have 
been more rapid than it has been. On the subject of 
multi-break switches, we are quite in agreement with 
Dr. Garrard that it is decidedly a disadvantage to have 
too many breaks. The only difference between us lies 
in the fact that we regard two breaks as preferable to 
four, even for 66-kV and 132-kV breakers, on the very 
grounds of simplicity which he himself so strongly 
stresses in another connection. One of the advantages 
of the cross-jet explosion pot is the self-cleansing action 
caused by the blast of oil and gas, and as both the arc 
length and arcing time are reduced, the burning of the 
contacts is less than with breakers of other construction. 
Consequently, breakers fitted with cross-jet explosion 
pots require less maintenance, though we join with Dr 
Garrard in pressing the importance of regular inspection 
and proper maintenance oi all oil circuit-breakers. The 
question of butt contacts has always led to divergent 
views, chiefly because the user would naturally base his 
opinion upon the result he observes, and his opinion will 
be good or bad according to whether the design of the 
butt contacts has been well or ill carried out. We men¬ 
tioned the fact that the contact resistance is less after a 
short-circuit than before, not because we wanted to 
draw attention to the slight difference that can sometimes 
be measured, but to emphasize the fact that the contact 
resistance is not impaired by the short-circuit, provided 
the pressure is maintained. With regard to the rate of 
rise of recovery voltage, we have drawn attention to the 
position as we see it at present, and we agree entirely 
with Dr. Garrard’s comments, and anticipate that in the 
course of time the factor in question will take its proper 

place in the study of this problem. 

^ Mr. Wedmore gives a very useful survey of the posi¬ 
tion, and there is little we need say in reply except 
to make our attitude clear on two points relating to 
the cross-jet explosion pot. When, by the action of 
this device, oil is forced towards the arc, the effect 
is to cool the path of the arc, and the latent heat of 
vaporization is particularly helpful towards this end. 
Under the ideal conditions one would wish for a com¬ 
plete path of oil across the gap at the moment of current 
zero, but tins cannot be expected with the present com¬ 
mercial designs. It will be appreciated that we have no 
wish to minimize the efficacy of this device, and we agree 
that some tests appear to justify the twofold or threefold 
improvement suggested by Mr. Wedmore, but until the 
field has been more widely explored and until we have 
leamt to utilize, in the fullest manner, the benefits that 
can be gained, we consider it preferable to limit the 
assessment of improvement to the figure of 50 per cent 

over that of the existing plain-break designs. 
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Mr. Carter draws attention to the desirability of 
obtaining some recognized standard test-conditions. 
This is an important piece of work and one which will 
require very careful study. At first sight it looks a very 
simple matter to draw up satisfactory conditions, and 
it is only when the task is actually attempted and dis¬ 
cussed with others that it is realized that many diffi¬ 
culties have to be cleared out of the way before there 
can be any real and useful agreement on this subject. 
Mr. Carter’s attempt to describe our endeavours is not 
very happy. He suggests that we ai’e attempting to 
improve switching capacity by-using special contacts, 
whereas we are in fact employing contacts that have 
been in use for many years. What we have attempted 
to do is to control the flow of oil resulting from the 
presence of the arc, in such a manner that the behaviour 
of the circuit breaker shall be more consistent than that 
of the plain-break circuit breaker. Our contention is 
that much testing is required on circuit breakers of all 
kinds, for we believe that, through lack of data syste¬ 
matically collected and tabulated, the switchgear 
industry to-day is utilizing far too much space and 
material in the existing types of oil circuit-breakers. As 
our knowledge becomes more complete and as modern 
methods are adopted which lead to more consistent 
results, considerable improvement is to be expected in 
this direction. We note with satisfaction Mr. Carter’s 
admission that repeated tests have shown that better 
performance can be obtained with shrouded contact 
devices than with plain contacts. With regard to the 
operation of the cross-jet explosion pot shown in Fig. 4 
of the paper, the ejection of the fluid through the path 

gc ” causes a similar flow through the passage '' cc.” 
Mr. Carter does not appear to understand our refer¬ 
ence to the inconvenience of the voltage across contacts 
at the moment of clearing the fault. Provided the 
current has been finally interrupted, the inconvenience 
is certainly of very little moment, but unless a rupture 
occurs at the very first current zero after contact sepa¬ 
ration the term '' inconvenience ” is, if anything, a little 
too mild. In Fig. 6 the inches of arc duration refer 
to the length of. the arc in inches and not to the travel 
of the breaker, otherwise the curve would have been 
marked accordingly. In Tables 1 to 3 the 3-phase kVA 
is calculated from the one recovery voltage recorded. 
This is permissible because there is practically no varia¬ 
tion between the magnitude of the power-frequency 
component of the recovery voltage on all three phases. 
The benefits obtained from the cross-jet explosiqn pot 
have been dealt with in our reply to Mr. Wedmore. 
We support Mr. Carter in his statement that tests are 
required at values definitely above the normal rating of 
the breaker, but, unfortunately, testing facilities are 
limited in all directions, and therefore recourse has to 
be made to separate tests on current and voltage as 
indicated in the paper. If an engineer cannot get the; 
complete test that he requires, he has to devise expedi¬ 
ents by which he may obtain the necessary information 
in the most effective way. 

We are interested in the comparative curves drawn 
by Mr. Coates, but would explain that we ourselves 
avoided making comparisons of this kind as it is so difiS- 
cult to assure that the governing factors are sufficiently 


similar to make the comparison fair. It is therefore 
necessary to make this reservation when considering the 
curves shown by Mr. Coates. 

In reply to Dr. Whitney, in Investigation No. 117 the 
scale of arc power was such that we regarded 20 kW-sec. 
as the minimum value which could be read on the 
record. Dr. Whitney also draws attention to the fact 
that the behaviour of the cross-jet explosion pot on 
heavy currents is more consistent than on light currents. 
This is probably due to the reason he indicates, but the 
range of inconsistency is less than with plain-break 
circuit breakers and the shroud is so proportioned that 
in every case rupture takes place while the contact is 
within the shroud. 

The comments of Mr. Rissik are really not quite 
in order in view of the fact that the paper deals with 
oil circuit-breakers. We excluded expansion circuit- 
breakers, gas-blast circuit breakers, and vacuum circuit- 
breakers from the scope of the paper as we preferred to 
concentrate on the form of breaker most commonly used 
in this country, with such variations as modem practice 
has shown to be desirable. We did this also because we 
are of the opinion that although something can be learnt 
from the careful study of any one of these-alternative 
methods, yet for practical service the oil circuit-breaker 
is likely to hold the field. The desirable properties of 
oil £is an insulator render it one of the best friends the 
electrical engineer has. Our future eflorts should there¬ 
fore be devoted to extending our knowledge so as to 
enable oil to be used in the most effective way, rather 
than to adopt other expedients. 

With reference to the communication by Dr. Kopelio- 
witch and Mr. Brown, we are always willing to subscribe 
to any test that will reproduce accurately the working 
conditions, but where this is impracticable we consider 
it essential for substitute tests to be carried out, and our 
experience is that the procedure recommended in the 
paper is a practical solution for the shrouded breakers 
which we have tested. Even with a shrouded circuit- 
breaker some variation is to be expected in repeated 
tests, but fortunately much less than in the case of 
plain circuit breakers, which Dr. Kopeliowitch and Mr. 
Brown are apparently prepared ^ to test at reduced 
rupturing capacity. We have carefully noted the com¬ 
ments made on the calculation of 3-phase kVA, and trust 
that the various international points of view may be 
harmonized before long. The statement made with 
regard to certain single-phase tests would be much more 
interesting if some further information were given, 
including, for example, the voltage at which the tests 
were carried out. In the statement on page 710 we 
refer to the distribution of static potential in the circuit 
breaker on any one pole. It is usually tacitly assumed 
that the potential is uniformly distributed among the 
breaks in series, whereas this can rarely happen, and this 
fact must be taken into account in assessing the rela¬ 
tive advantages and disadvantages of multiple breaks. 
The data illustrated in Fig. E furnish still further 
evidence of the importance of rate of rise of recovery 
voltage, and it is very clear that this factor will have 
to be taken into account before the rating of circuit 
breakers can be considered to be on a. satisfactory 
basis. 
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Dre^ere m the space previously occupied by low- 

^ Clothier's 

^ent remm^ that, as regards the shrouded contact in 

^ Iff* ‘i®to^o® “’Tst dependSi£ 

^ng^ of the enclosure. I am a firm believer if SI 
boiler^ cpnstmction of tank and top plate, which a 

‘ * S3e page 302, 


good many manufacturers are now supporting. The 
worst conation one can have is a smaU air cushion, 
which develop high pressures, and a rectangular 
t^, which IS least able to withstand such pressures, 
ihe most important part of the paper is that which 
aeals with the cross-jet explosion-pot, and I congratu¬ 
late tte authors on the work they have done in this 
direction. I should like to refer to an application of 
tnese cross-jet explosion-pots which we undertook in 
ord« to increase the rupturing capacity of a circuit 
breaker without adding to the space occupied. There 
was no room for the ordinary-type eiqilosion pot, and 
we could only accommodate a cross-jet pot having i^aif 
tte volume of that used by the authors. When this 
device was fitted to the circuit breaker the arc duration 
was reduced from 12 half-cycles to 4 half-cycles, and the 
maximum arc length from 9 - 6 in. to 2 • 5 in. We have 
not tried vailing the speed in order to improve the 
*® P°to successfully interrupted up 

to 20 000 amperes and up to 44 kV. How should this 
device be rated ? On pages 712 and 720 the authors refer 
to ratmg when it is beyond the capacity of the test 
plant, but they do not state what practice they recom- 

The type of arc control 
embodied m the cross-jet explosion-pot gives faster 
operation, prevents synchronous machinery from faning 
xf* provides more consistent performance. 

Mr. D. R. Davies: Much research work has been 
don® during the past few years in order to produce a 
f breaker which would give consistent performance 
^th IMS li^retion of axe energy. I have just returned 
^m tile Umted States, where I spent over 3 months 
dnM tii^ nearly 600 short-circuit tests on circuit breakers 
fitted with the cross-jet explosion-pot. Throughout 
testo made at voltages varying from 4 000 to 110 000 
volts the performance of the circuit breaker was excep- 
tio^y good; m some cases the only visible signs that 
It had operated were small wisps of smoke emitted from 
the vent pipe. A circuit breaker of which the normal 
ratmg was 66 kV was successfully tested up to 110 kV 
Moreover, although nearly 600 short-circuit tests have' 
been ^de on two circuit breakers, both of them are in 
atoost as good condition as they were before testing. 
The arc lengths and arc durations observed during all 
less than any previously obtoed 
wuth toe conventional type of explosion pot, or with 
pJamtoreak or high-speed contacts. Most of the devices 
hitherto proposed, and which tests have shown would 
mprove cucuit-breaker performance, Jinii. 

rations. In some cases the devices are Only suitable for 
low currents and high voltages : also owing to toeir size 
toey could not be accommodated in a small circuit- 
breaker. The cross-jet explosion pot, however, suffers 

Tt has performed 

as well wito Mgh currents at low voltages as with low 
currents at high voltages. Moreover, it Can be acCom- , 
modated m existing circuit breakers without sacrificing 
the cle^rices which are necessary for safety. In 
circuit breakers intended for 66 kV and upwards, toe 
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cross-jet explosion-pot reduces the mechanism travel 
and length of break to approximately 60 per cent of 
that required with other types of contacts, and it also 
enables tank volumes to be proportionately reduced. 
Tests have shown that the duty cycle of the circuit 
breaker can be considerably increased by fitting the 
cross-jet explosion-pot. During one series of tests 
upwards of 24 short-circuits were interrupted without 
inspection of the contacts, and at the end of the tests 
the oil and contact deterioration was negligible. During 
the development stage it was, of course, necessary 
to consider carefully the various proportions to be 
adopted. The preliminary tests indicated that the 
principal dimension which affects arc duration and arc 
length is the distance from the stationary arcing contact 
to the first jet. This distance must be long enough to 
allow the internal pressure to build up to a value which 
will project oil across the first jet when the moving 
contact has moved to this position. Moreover, the 
pressure built up must be sufficient to project the oil 
across this jet at a velocity of approximately 200 ft. per 
sec. The velocity required depends on the rate of rise 
of recovery voltage, and as all the testa were made on a 
testing plant having a rate of rise of the order of 2 500 
volts per micro-second, a velocity of 200 ft. per sec. was 
necessary. I suggest that Fig. 6 should be supplemented 
by a curve showing more clearly the relation between 
arc duration and rate of rise of recovery voltage. High- 
frequency effects are not recorded by the ordinary 
magnetic oscillograph: a cathode-ray oscillograph must 
be used for this purpose. Much work has been done in 
the United States by Mr. D. C. Prince to establish the 
relation between the rate of rise of recovery voltage and 
the velocity of oil which must be projected into the arc 
to obtain consistent arc rupture during the first two or 
three half-cycles. Consequently, during the develop¬ 
ment of the cross-jet explosion-pot it was realized that 
in order to obtain short arc durations, which are essential 
if gas liberation is to be reduced to a minimum, a suffi¬ 
cient oil velocity must be obtained in the various jets. 
After testing seven combinations to determine the rate 
at which the pressure was built up inside the pot, it was 
found that if the distance from the arcing contact to the 
first jet was too short insufficient pressure was developed 
to give the nedessary oil velocity. This distance was 
then increased until sufficient arc energy was liberated to 
produce an oil velocity across the first jet of not less than 
200 ft. per sec. when the moving contact reached this 
point. The tests showed that opening speed had an 
important effect on arc duration. During the first series 
of tests the no-load speed of the circuit breaker was 
approximately 7 ft. per sec., and arc durations of 5 to 6 
half-cycles were obtained at 66 000 volts : also the arc 
durations obtained during the make-break-make shots 
were greater than those obtained with the break shots. 
On analysing the results it was at once apparent that 
an increase in opening speed would reduce the arc dura¬ 
tions. Consequently, for the next series of tests the no- 
load speed of the circuit breaker was increased to 9 ft. 
per sec., when the arc durations were reduced to 3 half¬ 
cycles and the arc lengths to approximately 3*5 inches. 

Mr. S. R. Mellonie: I should like some more infor¬ 
mation regarding the operation of the cross-jet device. 


It is not clear from the illustrations in the paper whether 
the forces due to the blast of oil operate with or against 
the magnetic forces on the arc. It seems to me that 
both possibilities have advantages, as in the one case 
both forces would operate to accelerate the products of 
arcing, and in the other the opposing forces would cause 
a more rapid introduction of cooling oil into the arc. It 
would be interesting to know whether such devices as the 
authors describe would double the rupturing capacity of 
existing oil circuit-breakers. 

Mr. A. N. Haworth: The difficulty met with in 
connection with short-circuit tests is that the observer 
cannot see what is taking place inside the oil tank, and 
it is therefore important to examine the circuit-breaker 
parts after such a test in order to obtain evidence as to 
the validity of the theories advanced. To give an 
example, after a short-circuit test on an oil circuit- 
breaker with butt contacts an examination revealed that 
the whole surface of each contact was fused and that a 
greater amount of metal was blown away from the edges 
remote from the contact lifting rod, these outer edges 
being rounded off. The inner edges of the contacts, on 
the other hand, were quite sharp and free from signs of 
fusing. From this it would appear that as soon as the 
short-circuit takes place the heavy current heats up the 
contact joint to welding temperature, so that when the 
contacts separate they are still joined together by a 
fused metal bridge of increasing temperature. As soon 
as the gap between the contacts is great enough the 
fused metal bridge is forced out into a loop, the ends of 
which pass over the outer sides of the contacts before the 
loop is disrupted and the arc proper formed. The metal 
blown away is chilled by the oil and settles in the 
bottom of the tank in the form of small globules. The 
arc length would probably increase at a greater speed 
than the linear movement of the conijact separation, 
owing to the action of the electromagnetic forces on 
the arc loop. 

Mr. P. G. Ashley: I should like to emphasize the 
plea made by the authors for closer co-operation between 
supply engineers and switchgear manufacturers in con¬ 
nection with short-circuit testing of switchgear. Con¬ 
siderable difficulty is met with in computing the efficiency 
of a range of apparatus when it is only possible to carry 
out tests on the smaller items in the range. I remember 
seeing a small mining-type oil circuit-breaker under 
short-circuit test on a 5 000-kW generator at Carville 
power station in 1923, when the Electrical Research 
Association were carrying out some investigations. The 
circuit breaker had a tank volume of about 1 cub. ft., 
and with a fairly light tank fitted it successfully rup¬ 
tured about 75 000 kVA. From results such as this one 
is tempted to assume better performance fibres for the 
larger circuit breakers. Another important point in this 
connection is that if supply engineers are afraid to risk 
tests on their networks, switchgear manufacturers are 
forced to put down expensive plant for carrying out 
tests themselves, and the price of circuit breakers so 
tested must include at least a proportion of the cost of 
the testing plant. 

Mr. G. F. Sills: I should like to refer to the question 
of the shape of the circuit-breaker tank, mentioned on 
page 708. The pressures developed in the tanks of oil 

; 48-'' 
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circuit-breakers of various rupturing capacities have 
been determined, and in my opinion the shape of the 
tank does not matter provided it can withstand the 
Imown pressure associated with the rupturing capacity 
in question. One advantage I have seen put forward 
for the rectangular tank is that metal phase-partitions 
separate the three phases, so that, if there is a fault, the 
fault current flows to earth. Some of the pictures of 
round-tank circuit-breakers which have been shown 
indicate that these are of very small diameter, and I 
caimot imagine that they have metal phase separation 
right down from the top to the bottom of the tank. 

Mr. A. E. Jepson: I should like to ask why the 
oscfllograms reproduced in Fig. 12 show the three phases 
to be only 60® apart, instead of 120" 

Mr. W. Kidd: To the authors* two essentials to be 
considered when designing circuit breakers, I should like 
to add a third, namely that effects must not be pro¬ 
duced which will tend to cause breakdown in other 
parts of the system due to transient conditions. It is a 
fundamental principle that a flow of energy cannot be 
stopped instantaneously; there must be a period 
^hough of short duration) and a means of dissipation. 
The formation of an arc appears to serve this purpose 
and, although I agree that the arc must be controUed 
and ruptured quickly, I should like to have the authors* 
views as to whether it is possible to produce ill-effects by 
too quick an extinction of the arc. Until recent years 
the Continental oil circuit-breakers offered to us un- 
doubte^y had weak tanks. They all seemed to depend 
upon the use of a large volume of oil, although Mr. 
Ferguson s slides and recent research show this view to 
oe quite erroneous. 

Gomplaints axe made by the 
authors and by switchgear designers that supply engi- 

and plant for 
responsible to be used for experimental 
It is^ot performance of circuit breakers. 

sufficiMt^^^+v®^ whether a laj^e generator would be 
^cient for this purpose or whether the whole of a 

St ^ involved. It is my experience 

anv glT disfavour upon 

tiZs abnormal condi- 

insSiled L thS ^ 

woi^ri L «rerefore one machine only 

would be inadequate. Do the authors suggest that at 

to^*system*^^°'^ Vt* should be cormected 

rnna'A^ Ul s: switch tested at some pciint nrlioj-. ^ 

^idemble feult kVA is obtainable ? As^?S ^Sess 

suppty’to S^e?co smooth 

ttev wiU their coMumers, it is not surprising that 
cTTs+i. 1 , 'voluntarily jeopardize this service Most 

sSTyt: ouT^°“ s'”* 

SupDlv^frifr^r+^i,^^ servicc durmg a severe disturbance. 
^ aamtsJn a.. ^ 


is put bv all cla.«^; ^ ^ “ ’^tucn electricity 

^Om w dSSbatrr'”®'® importance of 
also be borne in greater. It must 

in a generating station Ir® Probability of any switch 

kVA is very smS^^ri 

«> very smalL Pull and frank co-operation 


between switchgear and supply engineers in the investi¬ 
gation of switchgear failures would provide the designer 
with much useful information, and as the failures are 
usually spread over a number of different undertakings 
the frequency of disturbance on each would be so low 
as to have little detrimental effect upon its relations 
with its consumers. 

Mr. R. Brooks: Well-equipped companies who are 
prepared to spend money upon investigations are dealing 
with the problem of oil circuit-breaker design by logically- 
planned schemes of research, and these investigations 
are being pursued with an energy which augurs well for 
the future of this class of apparatus. 

Mr. G. H. Sammons: The large number of changes 
which are being made in switchgear design render it 
advisable to replace switchgear every year, on the lines 
followed by the motor-car industry. The supply 
engineer makes his choice from square, round, single, or 
triple tanks; brush, plain, solenoid, loiife, shrouded, or 
ball contacts; with oil, water, or air breaks—only to 
learn as soon as the gear is installed that something new 
is necessary. To replace switchgear at short intervals 
would not, however, be possible from the economic point 
of view. Assuming that the shrouded contact shows 
mcreased efficiency, its most useful field is in its adapta¬ 
tion to already-installed switchgear, a feature wherein it 
appears to be unique. Referring to Figs, 2 and 4, in 
Fig. 2 the fixed contacts appear to be adjustable, being 
mounted on springs, whereas in Fig. 4 the fixed contact 
appears to be a solid tube, in which case there is no 
adjustment. If through any mischance the contfict 
were burnt the charring would reduce its diameter, and 
it would not make good contact in the solid tube the next 
time It was inserted. With regard to the ’ testing of 
switchgear on supply systems, there is a reason for the ' 
l^k of enthusiasm shown by operators. In the first 
place, what do the designers require ? Secondly, what 
IS the techmeal desideratum? To test each switch in 
situ IS, I suppose, an answer to both questions. It must 
be remembered, however, that a supply system usually 
co^ists of old ^ weU as new cables, switcLs, machinei 
apparatus, and every shock imposed on 

apparatus connected 
thereto. One certain result of such a practice would be 
to provide more oppoitunities for switchgear to operate. 

Baldwin {communicated): A certain 
^ount of guesswork enters into aU desiring, but it 

SovdSL M practical 

Siri ^ ^ ®®®^* ^^®^fore, that the sug- 

S could w ^Vithoxity and manufal 

SeS bt tS ® f *®‘^’ cost to both 

pam^, by the supply authorities giving a recular 

deteS£ir?f ^ manufacturers 

detemu^g then own experimental data. Again in 

^ewof the fact that when the national "grid fuly 
m coi^ssion many stations at present efuipned S 

generating plant wiU become obLete^ lugg^ 

^ectncity Board with a view to mairinp „ge of tha 

Circuit-breaker tesLrattS! 

m^^cturers who wVSsto ZSt SsuS oX 

big American concerns with which they ai 
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it would assist smaller manufacturers in this country to 
develop their apparatus so that they might compete 
favourably in the market. Although reference has been 
made in the discussion to Continental oil circuit-breakers, 
none of the speakers have mentioned the tendency to 
use vapour for the purpose of extinguishing the arc. 
This idea is receiving great attention in Germany. Is 
there not a possibility that the vapour arc-extinguishing 
type of circuit breaker may oust the orthodox oil circuit- 
breaker ? If so, owing to our concentrating too closely 
on the development of the present recognized method, 
we in this country are soon likely to find our designs out 
of date. The vapour-t37pe circuit-breaker minimizes the 
risk of fire and explosion, and is, I believe, very efficient. 
In Fig. 4 the authors show a cross-jet type of contact in 
which a plug-and-socket scheme is adopted. I assume 
that the sketch is only diagrammatic, and that in actual 
fact some provision is made for self-alignment so as to 
ensure an even contact surface. 

Messrs. H. Pearce and T. T. Evans (in reply): Mr. 
Romero draws attention to two features of the circuit- 
breaker situation which taken separately are more dis¬ 
quieting than when considered together, since they have 
a neutralizing action one upon the other. While the 
design of the cross-jet explosion pot was considered 
primarily from the standpoint of its use in new breakers, 
the fact that the design is comparatively simple and 
compact makes it very suitable for fitting to existing 
circuit breakers. 

Mr. Ferguson suggests that the length of break should 
have been included in this paper as one of the design 
features of a circuit breaker. In this connection we would 
say that in our opinion it is desirable for the length of 
break to be so selected that the arc is ruptured before 
the breaker reaches the end of its stroke. Even this, how¬ 
ever, has no universal application, since, for example, in a 
breaker of the impulse type the whole feature of the design 
is to use a very short break and to increase the insulation 
value of the arc path between the contacts by a flow of 
oil at high velocity, and thus ensure the rupture of the 
arc. This suggests that it would be effective provided, and 
only provided, that adequate steps are taken to ensure 
this increase in the insulation of the arc path; otherwise 
it is safer to adopt the more conservative rule mentioned 
above. In practice the length of the arc varies appreciably 
in different designs of circuit breakers, and so long as 
the circuit characteristics are the same the length of 
break required may be regarded as a measure of the 
failure to raise the insulation value quickly enough. 
Where the movement of the oil is controlled, the length 
of arc under similar conditions is found to be much more 
consistent than in plain-break circuit breakers, where 
the vagaries of oil movement have the greatest play. 
With regard to the air cushion, we note that Mr. Ferguson 
agrees with us that this is a subject on which designers 
have had a wide divergence of opinion. The precise result 
of varyihg the air cushion can only be satisfactorily 
observed by experiment, though once the cushion is 
reduced below a certain volume it is safe to predict that 
any further reduction will increase the stresses on the 
circuit-breaker tank and top plate, so that where this is 
already the linaiting factor the maximum short-circuit 
capacity of the circuit breaker is thereby reduced, quite 


apart from whatever effect the change has on the move¬ 
ment of oil. 

Several speakers in the discussions at London and 
Manchester dealt with the subject of circular versus 
rectangular tanks. The position so far as the user is 
concerned is: Will the tank do its job ? What space will 
1 it occupy, and how is the cost affected ? The first question 
is answered by test-results and test-results only. The 
answer to the second question, in spite of Mr. Ferguson's 
comment, is definitely in favour, of rectangular tanks, 
since the manufacturers to whom he refers achieved an 
increase in the rupturing capacity not by the change to 
round tanks but by other and more important changes 
in design. The answer to the third question depends 
upon the arrangement of the equipment as a whole, and 
on the manufacturers' standards; in practice there is 
usually little difference in the final result. We are much 
interested to hear of Mr. Ferguson's application of the 
cross-jet explosion pot to one of his existing breakers, 
but without considerably more information than he gives 
we should hesitate to advise him as to the rating. Our 
general attitude with regard to the rating of breakers 
: where full-power tests cannot be employed is that it is 
the duty of the designer to secure as much evidence as 
he can that the breaker will meet separately the various 
limiting conditions. One does not hesitate to calibrate a 
watt-hour meter with separate current and voltage sup¬ 
plies, because one knows that each factor is independent 
of the other. The more confident a designer is of such 
independence the more he is justified in adopting pro¬ 
cedure of this kind. In the light of the evidence that 
we at present have, we should expect to be able to regard 
tests on the cross-jet explosion pot in the same manner, 
but as we have learnt that it is desirable to proceed 
steadily step by step we prefer to limit at present our 
assessment of the improvement due to the cross-jet 
explosion pot to approximately 60 per cent, thus obtain¬ 
ing a larger factor of safety as well as reserving a margin 
to cover contingencies that may arise in operation. 

Mr. Davies's comments are particularly interesting as 
they refer to a further series of tests on the cross-jet 
explosion pot which have been carried out since our 
paper was written. Until oil circuit-breaker design can 
be dealt with quantitatively in the manner of machine 
design, our knowledge must be obtained experimentally; 
and for this reason we carried out tests on a number 
of different combinations before finally choosing the 
best combination. We should like to sound a note of 
warning as to the significance of the velocity of 200 ft. 
per sec. mentioned by Mr. Davies. Wben a fluid moves 
along a pipe it has a translational velocity of a fairly 
definite amount, which can be measured and recorded, 
but in circuit, breakers where the whole disturbance is 
over in less than 0 • 1 sec., and in a confined space such 
as an explosion pot, where there is violent turbulence, the 
interpretation of velocity requires very careful measure¬ 
ment and study before it can be regarded as comparable 
with ordinary measurement. 

In reply to Mr. Mellonie, the usual arrangement of a 
cross-jet explosion pot is such that the magnetic force 
on the arc and the blast of oil are both in the same 
direction, though the former has. little opportunity of 
extending the arc appreciably owing to the confining 
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effect of the shroud. The addition of the cross-jet 
explosion pot to existing breakers would undoubtedly 


increase the rupturing capacity of those breakers, and 
in some cases the figure might be doubled, but each case 
would have to be considered on its merits, and our 
general tendency is to assume a lower figure of 50 per 
cent and thus ensure a higher safety factor than 
before. 

Mr. Haworth draws attention to the importance of 
careful examination in detail after tests, in order to 
obtain all the information the results can give. It is 
a general truth that the greater the experience of the 
experimenter the more is learnt from the experiment. 

Mr. Ashley wisely stresses the importance of a number 
of tests before assuming that a rating has been justified. 
This applies particularly to plain-break circuit breakers, 
as was demonstrated by Mr. Wedmore some years ago. 

We agree with hlr. Sills’s comments on the shape of 
the circuit-breaker tank. 

Mr. Jepson points out that the 3-phase currents in the 

regular displacement 
ot Z20 . This is due to the polarity of one of the phases 
being reversed. ^ 

Mr. Kidd raises the question whether the arc can be 
rupti^ed too quickly. As he surmises, the results are 
this occurs, but so long as he uses oil 
ctfcmt-bre^ers he has no need to fear this since the 

^ breaking 
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iuk^l- S ^ ^ more 
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let capacity, but we do not suggest that such an arrange- 
ly ment is likely to jeopardize the service. On the other 
id hand we maintain that it is desirable for any slight 
se weaknesses that may be displayed in the complete equip- 
iir ment during such tests to be brought to light in order to 
5r ensure that such weaknesses will not jeopardize tht* 
in system at some time when the conditions of operation 
are beyond the immediate control of the operators, 
if Mr. Howarth rightly points out the desirability of full 
:o and frank co-operation between switchgear and supply 
is engineers, and it is perhaps a testimonial to Briti.sh 
e switchgear manufacturers that the troubles experienced 
in the past have not been sufficiently serious to encourage 
r the supply undertakings to insist upon tests on oil 
circuit-breakers such as they have upon almost ever}' 

, other part of their equipment. 

. . Mr. Sammons makes a very interesting comparison 
f between the switchgear and motor-car industries, and 
it will be readily admitted that the latter has advanc<*(l 
> faster than most branches of industry during the 
. few years. One of the most effective reasons for this 

is that by the very nature of the article every motor¬ 
car is fully tested and proved under every conceivable 
tod of working condition. In this respect it is widely 
different from the circuit breaker, which is only proved 
at long intervals, and then usually at tirne.s and under 
conditions when very little evidence is gathered to 
guide desi^er or user as to the essential feat ures required 
to effect improvement in future service. The adjust¬ 
ment of the fixed contact is not indicated in Fig. 4, 
where only those features are shown which indicattt 
the difference between tliis kind of circuit breaker 
and those of normal construction. A resilient contact 
course, essential to any kind of circuit breaker. 
With regard to tests on site, these would naturally not “ 
mvolve the whole of the system, but only such inachino.s. 
switchge^, and interconnectors, as are actually required 
m order to ca:^out the tests, and there would therefore 
I be no great difficulty in avoiding the risk of unduly 

have become too old 
portion of a system is liable 
to break down on the occurrence of a short-circuit test 

ofsupply undertaking was aware 
condition and took steps to remove it. 

obsolete interesting proposal that 

Obsolete plant could be utilized for testing on site and 

might be considered 
Other authorities, 
ter all, it is the users that gain most by the provins of 

l<»k^fo?suTOort* 5 tliat the industry should 

by Mr points raised 
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Summary, 

The object of the paper is to indicate that the changing- 
over of existing low-tension networks from direct current to 
alternating current can be carried out in a satisfactory and 
advantageous manner from an engineering as well as from 
an economic standpoint. 

The problems arising in dealing with small townships, and 
with suburban and residential areas, are quite different from 
those which arise in industrial and city areas. The paper 
has consequently been divided into three parts. Part 1 dealing 
with suburban and residential areas. Part 2 with industrial 
and city areas, and Part 3 with the general aspect of changing 
over. 

As a result of investigations, the authors are of the opinion 
that, irrespective of loading conditions, residential and 
suburban areas should be changed over to a.c. supply at the 
earliest possible opportunity, but that in industrial and city 
areas the rate of change-over should depend upon the growth 
of the d.c. load and the condition of the d.c. converting plant. 
In all areas, however, the " standard ** 3-phase 4-wire a.c. 
system should ultiihately be adopted. 
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iNtRODUCTION. 

The advantages to be derived by users of electricity 
and manufacturers of electrical apparatus from standard¬ 
ization in the voltage and type of current supplied are 
well known. The Central Electricity Board is at present 
engaged in the standardization of frequency, but this 


work only affects a proportion of the users of electricity, 
principally those receiving high-tension supply. Table 1 
gives an approximate idea of the number and types of 
low-tension supply systems which are operating in Great 
Britain. Undoubtedly a state of great confusion exists, 
and the question of standardization of low-tension 
systems is of the utmost importance. 


Table 1. 


Approximate Analysis of Systems of Supply in Great 
Britain as obtained from the Engineering and Finan¬ 
cial Statistics published by the Electricity Commisssion, 
relating to Electricity Supply for the Year ending 
March, 1930. 


(a) Supply authorities giving j 


r D* only 
D and A^t 
D and AgJ 
D and A 3 § 

D, Ap and Ag .. 
D, Ap and Ag 
D, Aj^, Ag, and Ag.. 
D, Ag, and Ag 
Aj^only 
Ag only 
Ag only 
Aj and Ag 


Ag and Ag 
Ai and Ag 
Ap Ag, and Ag 


149 

11 

2 

161 

0 

62 

3 
6 

21 

4 

180 

2 

8 

29 

5 


( 6 ) 


Number of 


' d.c. systems , .. 
single-phase systems 
two-phase systems 
^ three-phase systems 


. 244 

. 123 

. 30 

. 444 


Although where new systems are being laid down a 
standard 3-phase 4-wire system at a pressure of 400/230 
volts is being adopted, as indicated in Table 1 there 
are still numerous non-standard systems, the majority 
operating on direct current. Users of these non¬ 
standard types of supply and manufacturers of appa¬ 
ratus connected thereto will, no doubt, wish to participate 
in the benefits of standardization, and in the near future 
a strong demand may be expected for a national standard 
of low-tension supply. 

The Central Electricity Board is at present engaged, 
at a heavy expenditure, in securing the maximum effi¬ 
ciency in the generation and transmission of electrical 
energy, but it is equally important to obtain increased 
efiiciency in its distribution. The recent high rate of 
increase in the demand for electricity, and the belief 

* Direct current. f Single-phase. i Two-phase. § Three phase. 
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that the futnrp. •Mrill __L?Ti - „ I 


future will bring a still more rapid growth of 
^'^PP'y authorities^ to^ZZer 
^Sms”®a^d low-tension distribution 

SS.?wh;*rfS ® endeavoured to show 

the adv^tag^^sTi'da^dLa^^^^^ 


^^^NGE-OVER in small townships 

rASI'SS ™aSS 

Short Comparison of D.C. and A.C. Systems 

tas a distmct „„ tte bubjS oj 

SoJvdfs •“ “mptrisoo lb. .tuidiua 

ou cycle 3-phase 4-wire a.c. 400/230-volt svstem •oriii T^» 
compared wi^ the 3-wire 460/230-vo^^Jc 

a.c. syste^e?— compared with the 

chiL^iubtT«“ and 

cft^per substations and substation equipment and 
cheaper low-tension networks. qmpment and 

(2) Reduction in maintenance costs on transformf^r 

veS^°b rZiZZ Z- 

ycrtor substations and plant* anH nn +’hxa i x 

“»~r= 

(3) Reduction in valuation for rating purposes 

.oii 

alteration of load centre mav 
and Cri ^ toansformer centre where required^ 

and (c) greater ease with which a heavy low-tensiouTn 
consumer may be transferred to high-2ii:n 

be^ a^rn ^ of tJie loa?Would 

approximately non-inductive Th<sk 

™»ld th„efo„ Z ^ «d 

o« thb aigbt. Ap« from fhio, fp^Tto ool^ 

view^of a supply undertaking it may be said that an 

Reasons for Change-over. 

There seems no doubt, therefore that an o x 
of distribution is better than a SeL Z “ 

part from the inherent advantages of the a.c. system. 


r>r«boti • * f electncal apparatus and therebv 

pr^blymcpoasetbeaemirndfopdectricitT ^ 

bafrti'lM* I!'*'’ '« «l««rid«y 

K'rttl.obtanSdo.'SSS 

P^lSH 

plant capacity of the centre. 

deSa^rf^A^’® where the maximum 

work iJ little^L^e‘^+b^^?f‘'^ changing over the net- 

ere^thi^fr=*^ t ^®o ^ increased by 

■n + f changing over part of 

o^rk tostoad of addtog to a» eS,|„. a.c mLSe^ 
^toJ^Bvo oooto „po„ a! d£S^?S 

tPtiQirb^ Ti ^ expenditure necessary for low- 

SJSj?ar. r “to’"'-S. StoJIr 

i t- “‘f fo change over. ^ 

for their o"^^ b* generating direct current 

■K ansformers and converting plant would h<»* 

b<™ by too Cbltol EltoMoity Boart tot a 

«Sfto?,Sr",.r 

nearly the whole of the estimated costs of bransformersi 
mtbt^Tfb continuing dTsZZ 

“®^“m demand equals 76 per 
fuwL T capacity and that to provide for 
velopment the undertakers decided to’ double 
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the capacity of their system, an approximate comparison (1) Change-over from D.C. Supply to a ** Standard ** A,C, 
of costs is given in Table 2. System, 


Table 2. 



■ 

Contintiing 
d.c. supply 

Changing- 
over to 
3-pbase 
system 

Changing- 
over to 
single-phase 
system 

Cost of replacing existing 

£perkW 

fiperkW 

£perkW 

capacity 

Cost of additional capacity, 
including additional 

8-0 

1-6 

1-7 

switchgear, mains, etc. 
Total cost of changing- 

13-6 

5*0 

5*3 

over 

Estimate of cost charge¬ 
able to or recoverable 


12-6 

9-6 

from Central Board .. 

8-0 

6-5 

6-6 

Total cost to undertakers 

i3*5 

12-6 

10*0 


Choice of System. 


The chief difficulty in changing from a d.c. 3-wire 
supply to a standard system is the presence of 3-wire 
cables and network boxes in the d.c. network. A large 
proportion of the latter have to be replaced by, or con¬ 
verted to, 4-wire boxes, but owing to the excessive cost 



w. 


a) 


RXa. 



3 WIRC MIktM 

(3) B 


• ■ Current in 4-core cable 
assuming equal loadin 3-wire 
mains 1, 2 and 3 OR, OG; 
and OB represents current 
in red, green, and blue phases, 
respectively; OW represents 
current in neutral. 



Fig. 1. —^Showing (on left) the use of 3-wire mains on 
standard ** a.c. supply, and (on right) current vectors 
drawn to a comparative scale, assuming balanced 
conditions. 


For obvious reasons the only a.c. systems considered 
are the 3-phase 4-wire system with pressures of 400 volts 
between phases and 230 volts from phase to neutral, and 
the single-phase 3-wire system with 460 volts between 
outers and 230 volts from phase to neutral. The former 
will be referred to hereafter as the ** standard *' system, 
and the latter as the single-phase system. 

The ''standard" system is undoubtedly the better 
one, and its advantages have been fully discussed in a 
previous paper by Messrs. Beard and Haldane.* Unfor¬ 
tunately, owing to the presence of a large proportion of 
3-wire TTiaius in the majority of d.c. systems, jObaancial 
considerations compel consideration of single-phase dis¬ 
tribution. 

From an engineering point of view the single-phase 
system has certain disadvantages (which will be dealt 
with later) when compared with the standard system, 
but the great advantage in its use is that existing 3-core 
cables can be fully utilized and the only new mains 
required in changing an area over are those necessary 
for development. The problem, therefore, becomes a 
dual one of engineering and finance, and it may be 
necessary to compromise by changing from d.c. supply 
to single-phase distribution with a view to a "standard" 
a.c. system at a later date. 

In the opinion of the authors, therefore, in changing 
from d.c. supply to a.c. distribution there are three 
alternatives, viz.:-— 


of replacements the existing 3-wire mains have to be 
utilized as far as possible. 

From an a.c. centre, 3-phase 4-wire supply has to be 
taken to suitable "balancing" points in the network, 
either by laying down new 4-core feeders or by using 



{a) Diagram showing conditions due to unbalanced loading 
in 3-wire connected to 3-phase supply assuming currents 

in Gi, Rg, and Bg = J, and currents in Rj, Bg, and Gg = 21 



Current in 4-core Current in 4-core 
cable between cable between 
mains I and 2. mains 2 and 3. 



cable on supply 
side of main 3. 


(&) Vectors drawn to a comparative scale showing currents 
in 4-core main corresponding to conditions in {a) 


( 1 ) Change-over to a " standard" a.c. system of 

supply. 

(2) Change-over to a single-phase system of supply. 

(3) Change-over to a temporary single-phase system 

of supply. 


Piq/ 2.—^Alternative method of use of 3-wire mains for 
standard " a.c. supply. 

two or more existing 3-wire cables to form one 4-wire 
feeder. From these " balancing points" the 3-wire 
distributors can be supplied on two phases and neutral 

as shown in Figs. 1 and 2. • 
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Assuming unity power factor throughout, the current 
vectors for supply to 3-wire mains from two phases 120° 
apart are showm in Figs. 1 and 2. Where the phase 
currents are equal the current in the neutral is equal 
to that in each of the phases, and where the phase 
currents are unbalanced the neutral current is equal 
to the square root of the sum of the squares of the 
phase currents minus their product or, referring to 
^^ig. 1, OW = OR = OG for balanced conditions, and 
OW = + (OR)2 — (OG) (OR)] for unbalanced 

conditions. 

If each 3-wire main has to be considered separately, 
the methods shown in Figs. 1 and 2 are obviously 
inefficient methods of supply, but when an area is con¬ 
sidered as a -whole there are other factors which in some 
cases more than compensate for the loss due to the 
currents in the neutral. Fortunately, in many supply 
undertakings a good proportion of the total in 

suburban areas are 4-core, in anticipation of a change- 
over. On a single-phase supply one core of these 4-core 
cables would be idle. On the “ standard system the 
reduction in losses due to using all the cores of the 
4-core cables is greater than the loss due to the current 
m the neutrals of the 3-wire mains, provided the pro¬ 
portion of 4-core cables is sufficiently great. 

If the neutral conductor is of the same cross-section 
^,11 conductors, and assuming equal voltage 

and Wdmg, to deliver the same power the pR loss on 

oil a 3-phase 

supply than on a single-phase supply. Under the same 
conations a 4-core distributor on a single-phase supply 
wtt one idle " core would have a SO per cent grater 
fin loss on a single-phase supply than on a 3%hase ■ 
supply, using all cores. o puase 

With uniform loading, therefore, considering dis- 
tabutors only, it is more efficient to supply an area on * 
tte ‘'standard” system than on single^^e 

^n 50 per cent of the distributors are 4-core A perfect « 

pSSct th obtained on any distributor, Ld in t 

" stodard” a.c. system all feeders would be 
a new? ^bles hi n 

S»®dT Wtetiots^^ariu? 

midway between these suSi _ 


!nt I supply and for single-phase, and the losses were found to 
10“ be 19 per cent greater on the single-phase than on the 
,se 3-phase sprstem. It was found possible in this case so 
lal to re-desi^ the network that to a great e.xtcnt the 
se 3-TOre mains only carried their own individual load, 
al while the 4-core mains carried the sum of the currents 
le in the 3-1^6 mains. The load was increasing rapidly, 

to and as new 4-core mains were laid to meet the incrca.sed 

id demand the advantage in efKciency of the standard 
d system as compared with the single-phase system would 
become greater. 

r. Under favourable conditions, if reasonable aire is 
y exercised when a d.c. network is being re-designed for 
■ “loi"® efficient to adopt the 

e standard system than single-phase supply, even if 
g the proportion of 4-core mains is less than 30 per cent 
f of the total mains. 

I ^ 3-wire main is supplied by two phases ami 

. neutral from a ‘ standard ” a.c. system there is a certain 
. voltege-drop due to the current in the neutral. The 
, voltege-drop between a phase conductor and a neutr-il 
Of . 3-.l„ i, equal to 
of the e.in.f. s necessary to overcome the impedance of 
these conductors, and on a non-reactive cfrcu tlUe 

- !»■- 

k P^^ctice when an area containing 3-wirc mains h-is 
been changed over to " standard ” I c.TpSr ittt 
Su?e:l?^ experienced due to voltage^^mlation 

to the Smaller cost of an a.c. distribution 

ariJwuld be^"^Se ^ *be 

f-tor, to 

therefore the voltege-(fro?on and 

be 33-3 per cent lew on ar « 4-core mains would 

I because of using the fourth” wre *^The°” 
voltage-drop on the 4 1.1 reduction in 

mize the elect of^tttinrteSe f mini- 

3-wire mains. ncrease of voltage-drop on the 

to ^ the current 


midway between these siih<!+o+- ^PP^^^^ately (1) Where the proportion nf a. 

new mains were necessaxv to lengths of necessary new cables is about ea.bles plus the 

P» cunt uf toe total 

”« "“toe to be toppiiM fte„ toie *iilL . “‘'•ly to be euch toot 


The t tal 1 

centre wL:be suppUed from this I ^thin a rea^o^bletZITZ"'! ^ that 

■■ .. ./.lOOyee. 

>ercentageof 4-cpre maS?2Sea:: 34^p^2nt ‘f 

efficiency was calculated for “standard” ac f 

. ‘ rhe Whole area this system fnr 


3-wire mains 

^re mains (including new feed^) 
erceatage of 4-cpre mains in the area ’.! 


5 100 yards 
2 700 yards 
34*6 per cent 


system for 
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Referring to Fig. 3, the network from substations 
A, B, C, and D, may be suitable for the standard 
system, but on that supplied from E the proportion of 
4-core cables may be very small and a large increase in 
load may not be expected. 

In such a case, although it is less efficient to supply 

B 


IS m , o 


becomes the green phase, and so on. The d.c, neutral 
remains the a.c. neutral throughout, and in the vector 
diagrams the a.c. neutral currents are indicated by the 
vectors marked W. 

Fig. 4 shows the extreme case of a housing estate 
where all the mains are 3-wire with the exception of 
the short road-crossing sections (8) and (9), which would 
be replaced with 4-core cables, the former to give supply 
to the estate and the latter to provide a stand-by from 
the point X. Section (9) also provides a 3-phase 4-wire 
stand-by to X from the estate. Sections (4), (5), and (6), 
may be regarded as a 3-phase main with two cores per 
phase. An examination of the vectors in Fig. 4 shows 
that, provided a reasonable balance can be obtained, the 
losses are not excessive. Assuming balanced conditions 
and uniform loading, and provided the neutral conductor 
is of the same cross-section as the phase conductors, 
the loss on the 3-wire mains would only be approxi¬ 
mately 26 per cent less on the single-phase than on 
the standard ** system. 

Fig. 5 shows a method of giving ''standard'" a.c. 


m 


Fig. 3.—^A, B, C, D, and E, represent low-tension 
distribution centres. 


the network from E on the " standard " system, it is 
obviously undesirable to insert a single-phase system 
in the midst of a 3-phase distribution, and it may be 
possible by a small outlay on new mains to adopt the 



Fig. 4.—Showing (on left) the, utilization of 3-wire mains 
on " standarda.c. supply, and (on right) current 
vectors drawn to a comparative scale, assuming, in 
sections (1) to (6) inclusive, (a) equal loading per section, 
(6) the load concentrated at the centre of each section, 
and (c) each section to be of the same length and 
resistance. 

standard system. Ah example of this is given in Fig. 4. 
The signs (-f) and (—) refer to the d.c. system and the 
letters R, G, and B, represent the phases of the a.c. 
system. Thus on section (1) the d.c. positive conductor 
becomes the red phase and the negative conductor 


Network box 


-co re I —I 
able"H7 


Motor 

loaa” 


3-phase 

supply 


Network box 


Motor load_ 
on 3-phase supply” ^ 

Nejwork'^^ 
box 


jNctwork box 
t-'‘Tcore cable 



Straight 
" joint 
'Tee joint 


On D.C. supply 


3-pha^ 

{^ppJy 
Network box 

On standard" A.C. supply 


Fig. 6. 


supply to a road which has a 3-wire main laid on either 
side. For various reasons it may be undesirable to 
replace these mains even although a consumer with a 
heavy motor load may be situated near the centre of 
the road. By installing a network box, laying a short 
length of 4-core cable across the road, and replacing that 
length of 3-wire main between the network box and the 
power consumer with 4-core main, a 3-phase 4-wire 
supply can be given to deal with the motor load, with a 
resultant reduction in the neutral currents in the 3-wire 
main? and an improvement in the voltage regulation. 

Utilization of Existing Z-core Feeders .—^As already 
stated, only 4-core feeders can be used on a standard 
a.c. system, but to some extent existing 3-wire feeders 
can be utilized by bunching two or more together to 
form one 3-phase feeder, by using static balancers at 
feeding points, or by running an additional single-core 
cable to form the fourth wire. To a limited extent 
3-core feeders can be used as phase boosters, the neutral 
return being obtained through another feeder. 

Design .are a few points which may materially 
increase efficiency when re-designing a d.c. network for 
" standard " a.c. supply, viz. 
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(a) To re-design the network so that, as far as possible, 
the 3-core mains only carry their own individual load, 
while the 4-core mains carry the sum of the loads on 
the 3-wire cables. 

(b) To interlink or join the neutrals of the 3-wire cables 
as much as possible and so reduce the current in the 
neutral. 

ic) To make any one length of a 3-wire main on the 
same two phases as short as possible and so reduce the 
current in the neutral. 

(d) To have an accurate record of consumers' loads to 
enable a correct balance to be carried out. 

Colours .—It is essential that the cable-core colours 
already in use on d.c. supply be retained when the 
system is changed over to alternating cmrent. Thus, 
if on direct current the positive conductor is coloured 
red, the negative blue, and the neutral white, when 
the system is changed to alternating current the 
respective phase conductors would be red, green, and 
blue, and the neutral white. On a network with the 
above core colours, when, the 3-wire mains are being 
balanced for standard a.c. supply the d.c. positive con¬ 
ductor should only be transferred to the red and green 
phases and the old negative conductor to the green and 
blue phases, so that on the 3-wire cables the red phase 
IS always represented by a red core, the blue phase by 
a blue c^re, and the green phase by both red and blue 
cores. TMs method, which is illustrated in Figs. 1 2 
4, and 5, is a distinct advantage as regards service con¬ 
nection, jointing, and fault location. 

(2) Change-over from D.C. Supply to SiTigh-Phase Supply 

It IS impossible to give an efficient "standard" svstem 
of supply to areas in which the proportion of TSS 
mams is very small and which, from the point of view 
of present requirements, are well developed electricallv 
unless h^vy expenditure is undertaken for replac^ 

SdereJ ^ therefore I be 

supply full use can be made of existing 
suitable 3-wire cables, but unfortunately this 

Space does not permit of'a^e! S 

the b^tknoUL^ffiSt^^Kj^e*^*^®' ' 

is given 

the single-ohase^^r torque, etc.,.of 

consumers who have Wt, ^ aj^satisfaction to is 

;Utbo„8h r«Stly 

m the design of sinsie j. iinprovement I 

exc^t for very small oui^uts. ^“Pliase motors I | 


Non-standard Voltage .—While the voltage between 
phases and neutral would be ** standard," that between 
outers would be non-standard. 

Not one of the methods described in Table 3 is ideal. 
The maj'ority of supply authorities giving a single-phase 
supply have adopted either the Scott or the delta/double- 
star method. In the opinion of the authors the latter is 
the better system, principally because a " standard " 
3-phase supply can be obtained from the same source 
at the same time as a single-phase supply, and 
because standard transformers and switchgear can be 
used on single-phase and adapted for 3-phase supply 
at a later date. Re-designing a d.c. network for a 
smgle-phase system supplied from a delta/d on ble-star 
transformer presents certain difficulties because the net¬ 
work from each centre has to be divided into three 


Primary |b 

l^VWWWv4 


Secondary L23o'4230'W 
L-«0V—J 

Ca) Single-phase H.T. to 
Single-phase LX 



Primaiy 


Secondairn ^1“] 

hw-J 

r-400V—^h-'400V ' 

P*--400V----. 

Section I Section 2 Scd ion:} 
(5) Three-phase H.T. to Bingie-pha.Ho L.’I. 
(Delta/doiible star) 


*LckJ 


Primary 


Secondary 


A^V^ 

.m 

aoj 

(m 

gjwv 

L230J 


[ 

h^y-ai 


^1 

Secondary 


(c) Three-phase to single-phase 
(Scott) 


rh 






Ha 


hzOVA 

|-430Vj 

•230Vj 


Fig. 6. 


I .Open delta with \ 
Vsplit-secondaty winding/ 


ffisttoct sections, as shown to Fie 6fb) Fioh 

should^approximatelythesaSeload. afdSioS 

mt^lmtog and stand-by facihties the secSons feTtot 
sectio“ f^rfdS£.rcS2'® oomsponding 

could be adopted as a step ^^^®“Sto-phase supply 
dard " system there woS ^ a permanent " stan- 

ysrem mere would be ample justification for it, 

questions which arise are^;— necessary, and the 
(b) c^nge-over to take place? 

W What toconvenience'w?J?r S 
by the second change-over? ° 
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{a) Although an area may be electrically well developed 
at present, the future will undoubtedly bring an increase 
of load. New mains will therefore be required for rein¬ 
forcing existing mains, supplying new consumers, and 
for providing an outlet to the network from new trans¬ 
forming centres. If all these new cables are 4;Core it 
should not be long before the different areas could be 
operated more efficiently on the “ standard system than 
on single-phase. 

(&) In suburban areas there are usually few heavy 
power consumers, and they are often grouped near the 
load centre of a supply area and hence near the trans¬ 


it would only be necessary to break and remake joints to 
obtain a balance. 

Transformers and switchgear of a type which could 
be adapted for the standard system of supply, could 
be used on single-phase. 

An objection is sometimes put forward to the invest¬ 
ment of capital in 4-core cables which cannot be fully 
utilized while the system is operating on single-phase. 
The percentage increase in expenditure of laying 4-core 
cables instead of 3-core cables of equal cross-section per 
core is small, as can be seen from Table 4. 

For the extra expenditure shown in Table 4, a 60 per 


Table 3. 


Method 

Advantages 

Disadvantages 

(a) Single-phase high-ten¬ 
sion to single-phase 
low-tension 

Small and simple substation equipment 
All network fed from one source of supply 
can be interlinked 

Unbalanced h.t. system. Network fed 
from one centre cannot be interlinked 
with networks fed from adjoining 
centres 

.Reduction in stand-by and elasticity of 
system 

{b) Delta/double-star 

Dual supply (3-phase and single-phase) 
can be obtained from the same source 
at the same time 

With a slight adjustment standard 
3-phase transformers can be used 

Can be interlinked to a limited extent 
with other l.t. sources of supply 

Good balance on h.t. system 

Network fed from one source of supply 
must be divided into three separate 
sections, thereby causing difficulty in 
network design and operation 

(c) Scott 

Can be linked with other sources of 
supply to a greater extent than {&) 
Good balance on h.t. system 

Network fed from one source of supply 
has to be divided into two separate 
sections, causing difficulty in network 
design and operation 

Non-standard transformers must be used 

{d) Open delta 

Interlinking can take place from net¬ 
works fed from adjoining centres 

Poor balance and power factor on h.t. 
system 

Specially designed, expensive transformers 
required 


forming centre. If delta/double-star transformation 
is used, it may be possible to change the area includ¬ 
ing the power consumers from direct current to the 
** standard ** system while the purely residential part of 
the area is changed to single-phase. Apart from that 
used by power consumers, any apparatus would be 
connected between phase and neutral and would not 
require changing. The cost, therefore, of changing con¬ 
sumers* apparatus from the single-phase to the “ stan¬ 
dard ** system of supply would be very small. 

The expenditure on mains would also be small because, 
as new 4-core cables were laid while the system was 
single-phase, the idle ** core could be connected alter¬ 
nately to each of the outers, between joints and network 
boxes, thus maintaining a balance on single-phase. 
When the transfer to the ** standard ** system took place 


cent increase in carrying capacity, a 33 per cent decrease 
in losses, and a 33 per cent decrease in voltage-drop 
are obtained immediately the network is changed to the 
** standard ** system of supply, assuming balanced con¬ 
ditions and that all the load is connected between phases 
and neutral. 

(c) As stated above, little or no work would be neces¬ 
sary inside consumers' premises in changing an area 
from the single-phase to the standard " system. The 
inconvenience to consumers, therefore, would be very 
small. 

Costs and Economic Advantages of Change-over. 

It is impossible to give even an approximate figure for 
the cost per consumer, as this will vary in different 
districts and depend on the type of property supplied. 
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The cost per kW based on the maximum demand of an 
^ea to be ch^ged over remains fairly constant and the 
figures given in Fig. 7 have been computed from results 

Table 4. 

Cost per 100 Yards’ Run for Distributor only. 


3-core, 
0*1 sq. in. 

4-core, 
0‘1 sq. in. 

3-core, 
0-16 sq. in. 

£ 

33-8 

£ 

40-1 

£ 

42-4 

7-5 

8-7 

9-2 

25*0 

1 25*0 

25*0 

7-5 

8-3 

8*4 


g .7 10.8 

Excavation and rein- 

statei^nt .. 26-0 26-0 26-0 26-0 

Administration, su¬ 
pervision, etc. .. 7.5 g .3 

Total cost for distri- 

butoronly .. £ 73-8 £82-1 £86-0 £97-8 

Percentage increase.. — 11«2 _ 15.1 

Cost per 100 Yards’ Run of Low-Tension Network. 

Dfetributor.. .. 73-8 sl-l 86-0 97-8 

Network boxes, tee 

boxes, etc. 19.5 20-6 19-6 20-5 

•• •• 33-0 33-0 33-0 S-O 

pSSnteSeiucrease'.; 

SJSfuSrieT"’'' 

ioT d.c. plant 

which would have to be removed. If the rectifiera or 
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£ 

73-8 

£ 
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’£ 

86-0 

£ 

97-8 

19-5 
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19-6 
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20*5 
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£126-3 

£136-6 

7-4 

£137-6 

£161-3 

10-0 
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r AP^Mwrua 


$5^ MCTtl^S 
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I »mtchCiC.kr 


’’•“-'Approximate cost per kW based nn 

demand of change^^er in 


already been dealt with, but the capital outlay must 
also be justified from a financial standpoint. Fig 8 
shows approximate maintenance costs for both d c and 
a.c. low-tension distribution per kW per annum, based 
on maximum demand. 

The reduction in maintenance charges on static sub¬ 
stations compared -with rectifier or rotary substations 
requires no explanation. The smaller costs for mains 
and services are accounted for by the freedom from 
electrolysis on an a.c. system and the large reduction 
in the number of faults. Records kept over a period 
of y^s show the average number of low-tension mair,. 

10 ^ distribution per annum to be 

10-8 for a d.c. system and 0-99 for an a.c. system, and 
the average number of service faults per 1 000 services 
suppty^'^”^ I’’ od d.c. supply and 0-1 on a.c. 

A usual estimate of the rate of increase in the demand 

This means 

ttat the maximum demand of an area will be doubled 
very 6 years. A considerable proportion of the annual 
expenditure on.a low-tension network must therefore go 
owards meeting development by increasing the capacity 



Fig. 8.—Approximate comparative costs per kW oer annnm 

of instalhng a d.c. centre of equivalent capacity. 

An examination of Figs. 7 and 9 shows that -where it 
IS n^essary to increase the capacity of a d.c. system it 
is ch^per to install an a.c. centre and change over the 
^ea to be supplied from it, than to install a^d.c SnSe 
of equivalent capacity, assuming that the initial maxi¬ 
mum denaand would be half the value of the plant 
gpamty mstalled. Comparative costs axe given L 

d floor space than 

wie^iToVr^^the maximum demand of a d.c. centre 
•were 76 per cent of its plant capacity it might be con- 

■ capacity of the existing 

plant. Fig. 11 shows comparative costs for doin^ so 

n and installing additiL^^^ 

’ ^■®- P^* over 

the network supphed from this centre. ® ^ 

In addition to the advantages shown in Figs. 8 9 
irom d.c. to a.c. supply. ® ^ 
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New meters are required as new consumers are con¬ 
nected to a system. The cost of an a.c. meter is approxi¬ 
mately 30 per cent less than that of a d.c. meter of 
corresponding make and capacity. Thus, by changing 



Fig. 9.—^Approximate comparative costs per kW of d.c. and 
a.c, distribution centres in suburban areas. 

a system to alternating current a reduction in meter 
charges is obtained of approximately 10s. for every 
consumer connected to the supply subsequent to the 
change-over. 





Note:- chxwge-o\^er costs represent a. maximum 

DEMAND EQUAL TO S07 OP THE PLAKT CARAOTY 
or THE iCCHTRE. 


Fig. 10.—Approximate comparative costs per kW of install¬ 
ing an a.c, centre and changing oyer an area,^wi‘^ 
cost of installing a d.c. centre of equivalent capacity in 
suburban areas. 

Ari increased revenue may result from the use of a.c. 
m ftters instead of d.c. meters, because of the greater 
sensitiveness of the former. Further, the a.c. meter 
registering kYnbi is more equitable to both the consumer 
and the supply authority than the d.c. meter calibrated 
in ampere-hours. 

Figs. 9, 10, and 11 show approximate capital expendi¬ 


ture, but it is obvious that capital invested in plant 
which may last for 60 years is of much greater real value 
to an undertaking than a similar sum invested in plant 
which will answer the same purpose but may only last 
for 26 years. The life' of a d.c. network as compared 
with that of an a.c. network is therefore a matter 
which has important financial considerations. 

The life of a low-tension network depends to a large 
extent upon the nature of the soil in which the cables 
are laid. As a matter of general practice the Electricity 
Commissioners, in the case of municipal undertakings, 
allow 26 years for loan repayment on low-tension cables, 
and if this term be accepted as the period of useful life 
(free from continuing faults) of a d.c. network, the life 
of an a.c. system, under similar conditions, would 
probably be in the neighbourhood of 60 years. Hence 



Note:- change over costs represeht a maximum 

DEMAND or 75/ OF THE EXJSTING PLANT 
CAPACITY OF THE CENTRE 


Fig. 11.—^Approximate comparative costs of doubling the 
capacity of a centre, by (a) installing additional d.c. 
plant, and (6) installing a.c, plant and changing-over in 
suburban areas. 

an undertaking employing a d.c. system would, in all 
probability, be faced with the necessity of whole or part 
renewal of its network at the end of the period referred 
to, whilst the useful and free-from-trouble life of an a.c. 
network, under the same conditions, could safely be 
calculated to continue for a further 20 to 25 years. The 
financial advantage is apparent, and a change-over from 
direct to alternating current would undoubtedly, after 
a number of years, result in a large reduction in the 
capital outlay of an undertaking. Also, the life of 
transforming plant would probably be more than double 
that of rectifying plant. 

It is interesting to note that some eight years ago a 
supply undertaking in the North Midlands was faced 
with the entire replacement of a large section of its 
d.c. network. In 1923 this section was changed over 
to alternating current and at the present time is giving 
complete satisfaction. In this case the total cost of the 
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change-over was much less than the estimated cost of 
replacement, and when the change-over was completed 
the advantages of reduced maintenance and develop¬ 
ment charges were obtained. While the area was on the 
d.c. sj'stem, faults were constantly occurring, but since 
the change-over faults have been practically unknown. 

Efficiency .—The overall efficiency of a static sub¬ 
station is, of course, higher than that of a rectifier or 
convertor substation. An approximate comparison is 
shown m Fig. 12. 

Power Fac/or.—Although the majority of the load in 
suburban areas would be approximately non-inductive 
to reduce the cost given in Figs. 8, 9, 10, and 11, to a 
common basis a pov^r factor of 0-85 has been assumed, 
■n,-*!, ® of an a.c. distributing centre compared i 

SL r economic feeding 

rad-us of the former much less than that of the latter 

si'er W efficiency resulting from this 

the losses due to wattless current. 

economic advantages of change- 

(a) Maintenance and. repairs.—Ihe. annual reduction 

)- ‘OOr—-- 

5 i_{sTKTtc csN-ms. r ^ 


I 

SUBSTATin*.^ 




% Development. —On the basi<! 
of load of 15 per cent th! w f ^ increase 

should be recovered in apurnt' changing over 

development charges alone. ™a ey 5 years from 
(c) Increased life of networks. —The • - 

expenditure due to the increasi 
important, as. in many ca^eT th?; “ ^ a network is 
of electricity is sold^js ’ -j* P"^*^ which the unit j 

capital invested in low-tension c^bS 

to'jus'^Jfch^fnS^^over 

coDectively there would appL to 

economic advantage of chan<»T,a- °° “foubt as to the 

residential area. over any suburban or 

Summary TO Part l 

aeSi^^” or r«,. 

•» 'b*"a«a 0 ™ to 


I earliest opportunity, irrespective of the loading on the 
d.c. plant or the condition of the networks. 

(b) Only in exceptional circumstances should any 
additional d.c. plant be installed. 

(c) Wherever possible, the standard 3-phase svstcm 
of supply should be adopted. 

(d) The smaller cost of changing over from tlie d.c. 
to the single-phase supply rarely justifies its use, except 
for small isolated areas, and there it should only he 
adopted as a temporary measure. 

(e) The advantages of the a.c. supply and the limita- 
tions of the single-phase system will ultimately compel 
tte adoption of " standard ” 3-phase 4-wire distribution; 
therefore, although at present the supply may be by 
durect current or single-phase alternating current, only 
4-core (a,bles should be laid, 4-wire network boxes 
instated, and, as far as possible, all new switchgear etc 
should be suitable for 3-phase 4-wire supply. 

industrial areas 

and in HEAVILY-LOADED CITY AREAS. 

Short Comparison of D.C. and A.C. Systems. 

a^bSban*^^®® ^ distribution 

Ls but industrial and city 

i'^tter there are certain 
ie tomSf-!! experienced in supplying 

bwer Factor, 

mS^2e*of connected to 

y rem axe of the induction type. I'liese mnfnrc 

qSom th" -tSt.’ 

•oportion of mote fo^ iTc^’ 

^-^tor^iTMon plant. For- 

“•SvXeS”a 

installing synchronous mnf ^ Consumers are 

factor correction, and shonld^^+xP^®’^ means of power- 
difficulties resulting from a continue, 

to diminish. ^ ^ P™ factor will tend 

sary, it is^obyiously°unSsfoaW^t°^-^* considered neces- 
purpose at each disfaibutin!» “Stall plant for this 

of the opinion that this authors are 

from the high-Sfon sidJ ^^ould dealt with 

power-factor-coirection Dlant*^+* system by installing 

substations. Comparing ®®^®®ted master- 

the cost of an a.c.^instfllatitjT^-^®? centres, however, 
correction plant, is still much '1 POwer-factor- 

rotuy eoiiv.rtS*^^ 1“^ “PPlod from 

power-factor improvement. ®®“® extent, for 

Stand-by Supplies. 

On heavily-loaded d.c. systems Jr. 

«>ysrenis, in the event of a 
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failure of supply secondary batteries can be used. On 
an a.c. system there is nothing to replace such batteries, 
and in the past this has been put forward as one of the 
chief objections to a.c. distribution. 

The initial and maintenance costs of secondary bat¬ 
teries are very high and, under present conditions, it is 
doubtful whether their use is justified on a d.c. system, 
except under very unusual circumstances. 

On an a.c. system, hospitals, theatres, etc., could have 
duplicate services each supplied from a separate dis¬ 
tributing centre. Stand-by supplies would thus be 
provided except in the case of a complete failure of the 
high-tension system, which, under present-day condi¬ 
tions, is a very remote possibility. In special cases a 
system of pilot lighting could be supplied from small 
private batteries. 

Motors, 

Until recently the a.c. motor was, in certain circum¬ 
stances, at a disadvantage when compared with the d.c. 
motor, but in recent years the design of the former has 
been greatly improved, and for most purposes it now 
compares quite favourably with the latter. 

The disadvantages stated above are not serious, and 
when the advantages of a.c. supply, enumerated in 
Part 1, are considered, there seems to be no doubt as 
to which is the better system of distribution for indus¬ 
trial and city areas. 

Reasons for Change-over. 

The standardization of low-tension distribution is even 
more important in industrial and city areas than in 
suburban areas, because of the greater amount of 
apparatus connected to the supply. 

The total cost of changing over would be greater than 
in suburban areas, but, due to the density of the load, 
the cost per kW based on maximum demand would 
probably be less. 

Where the growth of load necessitates an increase in 
the capacity of a d.c. system, if it can be shown that 
the increased capacity can be obtained by changing over 
to alternating current at a cost not greatly in excess of 
obtaining a corresponding increase on direct current, 
then there should be no question as to the advantage of 
changing over. 

Choice of System. 

Owing to the type of load and conditions of loading, 
the single-phase system need not be considered for these 
areas. The number of motors of large output and the 
necessity for interlinking between all distribution centres 
makes the standard " system, in the opinion of the 
authors, the only suitable means of a.c. distribution for 
industrial and city arests. 

Many large shops, stores, small factories, and large 
buildings containing numerous offices, are at present 
supplied from the low-tension d.c. system, and have a 
maximum demand varying from 30 kW up to, or even 
exceeding, 200 kW. It is suggested that any consumer, 
or any building containing a number of consumers, 
having a maximum demand of more than 30 kW should 
be changed over to the high-tension supply. This 


transfer could take place gradually, starting with the 
consumers who take the heaviest load, and by this 
means the low-tension d.c. network would be relieved 
and enabled to deal with any increase in loads of smaller 
size. Heavy low-tension feeder losses would also be 
avoided. 

Difficulties are likely to arise in obtaining sites for 
substations inside consumers’ premises, but an a.c. 
substation, to give a supply to one consumer, requires 
very little room. In the case of factories and work¬ 
shops, when it is explained that the existing d.c. plant, 
which may be obsolete and inefficient, will be replaced 
by efficient a.c. plant, and that the maintenance charges 
on the latter will be very much less than those on the 
former, the consumer would usually find room for a 
substation and might even be persuaded to pay part of 
the cost of changing over. Opportunities would also 
occur to transfer d.c. installations to the high-tension 
supply when consumers wished to increase their load. 

"V^en the increase in low-tension load exceeded the 
relief obtained from the transfer to the high-tension 
system, a change-over of small sections of the d.c. 
network to standard a.c. supply could take place. 
Gradually the load on the peripheries of the areas 
supplied from d.c. substations could be transferred to 
alternating current. The radius of supply of d.c. sub¬ 
stations would thus be reduced, and d.c. feeders could 
be reduced in length and so enabled to deal with increased 
demand on that portion of the d.c. network nearer the 
substations. A reduction in low-tension distribution 
losses and an improvement in voltage regulation would 
thereby take place. 

It would be unnecessary to increase the d.c. converting 
plant or to lay any additional low-tension d.c. feeders, and 
as the existing converting plant required replacement 
the a.c. distribution could be extended and the d.c. 
system reduced, until finally a complete standard ” 
a.c. system would be obtained. 

The majority of industrial and city areas have been 
well developed electrically for a considerable time, with 
the result that where the supply is direct current a very 
large proportion of the mains are 3-wire. 

Many of the existing d.c. feeders consist of 3 single, 
lead-covered, armoured cables of 1*0 sq. in., 0*5 sq. in., 
1-0 sq. in. cross-section and, due to sheath and armour 
losses, it would be impossible to use these feeders eco¬ 
nomically for any t 3 ^e of a.c. supply. The existing 3-wire 
distributors could not be used on two phases and neutral, 
because of the nature of the load and the density of the 
loading. Therefore, before changing over a section of 
an industrial area to alternating current it would be 
necessary to replace nearly all the 3-wire mains in the 
section with 4-core mains, or to superimpose a new 4-core 
network on the existing 3-wire network. 

An area remaining on direct current requires new 
cables to replace old, and to supply new consumers.^ If 
all these new cables vrere 4-core it would materially 
reduce the cost of change-over. It would also be an 
advantage if all new power consumers could be pre¬ 
vailed upon, as far as possible, to install wiring and 
switchgear suitable for 3-phase supply. 

Should a high-tension supply in any area be of a 
frequency other than 60 cycles per second; it might be 
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necessary to lay new low-tension feeders to meet the 
increase in d.c. load until the standardization of fre¬ 
quency made it possible to relieve the low-tension net¬ 
work by transfers to the high-tension S 3 ?stem. As 
already mentioned, a type of feeder very often used in 
heavily-loaded d.c. areas consists of 3 single, lead- 
covered, armoured cables. Instead of laying this type 
of feeder, a number of 4-core cables might be laid from 
the substation to the feeding point, each cable by a 
amerent route. By this means a 4-core network suitable 
for a..c. supply would be built up as shown in Fig. 13. 
It will be noted that the same section of copper would 
be ob^ed by each method. In method 2 the cores 
of each 4-core cable would be connected together to 
orm one d.c. conductor. Assuming routes 1, 2, and 3 
to be of equal length, the total cost of the feeder would 
only be 30s. per yard more by using 4-core cables j-ho-n 
by using the three single cables. Thus, when a change- 

a 4-wire network 

'ould be obtained at an approximate cost of 10s. per 
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per yard run of cable, would be very much higher in 
industrial and city areas. Further, the rate of change¬ 
over would be slower than in suburban areas, and where 
new mains were required for development and replace¬ 
ment a partial 4-core network could be built up before 
the change-over. 

Meters. ^An a.c. meter of 20-ampere capacity costs 
approximately only 20 per cent more than one of 
-ampere capacity; therefore, owing to the greater load 
per consumer, the meter cost per kW would be very 

much less in industrial and city areas than in suburban 
areas. 

Cwsumers- Apparatus.—In industrial and city areas, 
such as the authors have investigated, where the load 
loJ^ ^ niixed nature, and where large shops, stores, 
^ge buildmgs containing numerous offices, and small 
workshops, are connected to the same 
Si, ’ and other apparatus 

in require to be changed is much greater than 

m suburban areas, but there is also a great increase in 
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from the change include conspicuous reductions in costs 
of motor and control maintenance, ease of expanding 
production facilities as they occur in future, greater 
safety to workmen, reduction of energy losses in dis¬ 
tribution lines and in conversions to direct current, 
reduction of substation operation labour, and the elimi¬ 
nation of much connected capacity represented by over¬ 
motoring certain drives. The company has been at 
work on the job for about a year, and now has it about 
one-half completed. The change has already resulted 
in a 78 per cent reduction of motor repair labour, for 
which 120 men are now employed instead of 650 men 
as formerly." Works such as are mentioned" in the 
above report would include some of the principal 
features of the distribution system of a supply under¬ 
taking, and would represent a change-over in a purely 
industrial area, where probably 90 per cent of the load 
would be motor load. It would also appear that the 
authors' estimate of the reduction in maintenance 



Fig. 16.—^Approximate comparative cost per kW for 
installing d.c. and a.c. centres in industrial and city 
areas. 


cost of installing a d.c. centre of equivalent capacity, as 
shown in Fig. 16. 

To reduce to a common basis the comparative costs 
given in Figs. 14, 16, and 16, a power factor of 0*8 
has been assumed. This power factor is probably con¬ 
siderably lower than would be met with in actual 
practice. 

The advantages of reduced meter charges, reduction 
in capital expenditure due to the longer life of an a.c. 
network, and increased efficiency, already detailed in 
Part 1 for suburban areas, would also be obtained from 
a change-over in industrial and city areas, and when 
these are considered in conjunction with the reduced 



tjOTC> CHANGE-OVER COSTS REPRESENT A 

MAXIMUM tJEMAHD EQUAL. TO 50 7 Or 
THE PUANT CAPACITV OF THE CENTRE 

Fig. 16.—Approximate comparative costs for installing in 
industrial and city areas {a) an a.c. centre and changing- 
over network to be supplied from it, and (6) a d.c. centre 
of equivalent capacity. 


charges resulting from a change-over is very conserva¬ 
tive. The report further indicates the advantages to be 
obtained by an industrial consumer from a change-over 
to a.c. supply, the importance of which is obvious, both 
from the individual and the national point of view. 

When a company of the undoubted business acumen 
of the Ford Motor Co. undertake the entire replacement 
of their plant to obtain the advantages of a.c. supply, 
there appears to be no necessity for further comment. 

Development .—^The approximate comparative costs for 
installing a.c. and d.c. centres in industrial and city 
areas are shown in Fig. 16. To obviate the necessity 
of introducing labour charges it has been assumed that 
the d.c. centres would be equipped with automatic 
rotary plant. 

When a new centre is laid down to meet the growth 
of load on a well-developed d.c. system, it is usual to 
install plant with a capacity of approximately double 
the initial maximum load expected, and so provide 
stand-by facilities and make provision for future de¬ 
velopment. Under these conditions the cost of installing 
an a.c. centre and changing over the network to be 
supplied from it would not be greatly in excess of the 

: VoL. . V'' . - 


maintenance and development charges there seems no 
doubt as to the financial advantage to be derived from 
changing over. 

Summary to Part 2, 

The authors are of the opinion that the investigations 
carried out for industrial and city areas indicate that;— 

{a) There is ample justification for the change-over 
of any industrial or city area, but the rate of change¬ 
over should be much slower than in suburban areas. 

(6) The only a.c. method of low-tension distribution 
suitable for industrial and city areas is the standard " 
3-phase 4-wire system, 

(c) The existing d.c, network should first of all be 
relieved by transferring, where possible, low-tension 
consumers with a maximum demand of over 30 kW to 
the high-tension supply. 

(d) When the increase in low-tension load exceeds the 
relief afforded by (c) a new 4-core network should be 
superimposed on the existing 3-wire d.c. network, and 
a gradual change-over to alternating current should 
take place. 

49.' . 
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(e) No new d.c. plant should be installed, and as the 
existing plant requires replacement the a.c. system 
should be extended and the d.c. system reduced. 

(/) All new cables should be 4-core, and only 4-wire 
network boxes should be installed. 

PART 3. GENERAL. 

Consents. 

Before a change-over can be commenced, it is neces¬ 
sary to obtain the consent of the appropriate authority, 
and the undertakers must make application to the local 
authority and/or the Electricity Commissioners, stating 
the nature of the change it is intended to make. Usually 
accompan 3 dng this application there must be a complete 
list of all the. streets or roads affected and a map or 
maps showing their relative positions. This procedure 
is comparatively easy to follow when only a small area 
is to be changed over, but when extensive proposals 
are involved it may become cumbersome. 

The application may cover an area parts of which 
may not be changed over for two or three years after 
the date of application, and during that time it may be 
necessary to give a d.c. supply to streets or roads which 
were not supplied at the date of application and therefore 
not scheduled. 

A better method, sometimes adopted, is to schedule 
wards or districts, or parts thereof, instead of specifically 
mentioning each particular street or road. 

Before the Electricity Commissioners give their con¬ 
sent, the intention to change over must be advertised 
in the local Press for a minimum period of one month, 
so that any consumer who. objects to the change-over 
may have an opportunity of making representations to 
the Commissioners. 

The Commissioners' consent usually contains condi¬ 
tions which provide that, unless otherwise agreed, the 
undertakers shall at their own expense carry out the 
necessary alterations to consumers' existing apparatus 
to suit the altered system and pressure of the supply, or 
pay to each consumer injuriously affected by the altera¬ 
tion of system and pressure such sum as may be agreed 
upon, or, in default of agreement, as may be determined 
by an arbitrator to be the reasonable cost incurred by 
the consumer as the result of the alteration; provided 
that in any case where notice of their intention to carry 
out the change of system and pressure is served by the 
undertakers on a consumer not less than one month and 
not more than six months prior to the date fixed by the 
undertakers for carrjdng put the alterations, no liability 
shall attach to the undertakers in respect of apparatus 
installed by the consumer after the service of such 
notice, unless otherwise agreed between the undertakers 
and the consumer. : 

Progexhtre OF Carryinq out Change-over. 

The change-over programme covered by the applica¬ 
tion to the Electfici^ Commissioners may require two 
or three years tp complete, and a preliminary survey 
. should be made, the area affected being divided into 
, sections,, preferably such that each section will be 
, supplied from a separate a.c. centre. An approximate 


time-table should then be prepared so that preparations 
for the change-over may go forward in correct sequence. 

New centres may be required, and, if the necessary 
sites have not been obtained, arrangements should be 
made to acquire them. 

As a result of the Press notice, stating the under¬ 
takers' intention to change over, a large number of 
inquiries as to the date of the change-over would usually 
be received from consumers in the areas affected, and 
immediately the consent of the Electricity Commis¬ 
sioners is obtained it would be advantageous to prepare 
a standard reply, so that the approximate date may be 
inserted in each case. 

Another circular, requesting consumers not to pur¬ 
chase any apparatus unsuitable for use on a.c. supply, 
without reference to the electricity department, should 
be prepared and, as the opportunity offers, sent to all 
consumers included in the first 18 months of the pro¬ 
gramme. New consumers in areas which are likely to 
be changed over within 18 months should also receive 
this circular when they make their application for supply. 
In some cases it may be possible to make arrangements 
to defer the purchase of apparatus which would be costly 
to change over, or to arrange for the hire of d.c. apparatus 
until such time as a.c. supply is available. 

In changing over any particular area from one dis¬ 
tribution centre close co-operation is necessary between 
the various departments of a supply undertaking, such 
as mains, substations, meters, and consumers. These 
departments must work together to ensure that the 
actual change-over takes place with the least possible 
inconvenience to consumers and the minimum of risk 
to the continuity of supply, 

A model procedure for changing over the supply area 
of one distribution centre is given below:— 

(1) A plan, preferably to a l/2500th or similar scale, 
is prepared showing all the distributors and services in 
the area. The 4-core and 3-wire mains are shown in 
different colours, and also the twin, 3-wire, and 4-wire 
services. 

(2) With the aid of the service plan and the consumers' 
record cards, a loading plan, also to l/2500th scale, is 
prepared, showing the mains in their respective colours, 
4-wire and 3-wire network boxes in different colours, 
the estimated load in amperes on each section of cable, 
and all motor loads above 1 h.p. 

(3) A preliminary lay-out for a.c. supply is prepared 
and an estimated cost obtained. 

(4) At a conference between representatives of the 
mains and consumers' departments the area is section- 
alized (any one continuous length of distributor repre¬ 
senting one section), and a sequence of change-over 
agreed upon for the area. 

(6) (a) The service plan is then transferred to the 
consumers' department and representatives visit each 
consumer in accordance with the sequence previously 
agreed upon. Notices are delivered, stating the under¬ 
takers' intention to change over. On these notices, 
which are in duplicate; a space is provided on which is 
entered an inventory of all the apparatus connected to 
the supply. The consumer's signature is then obtained, 
and one copy of the notice is left with the consumer 
and one retained for departmental use. The change- 
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over must be completed within six months of the serving 
of this notice, and the undertakers are not responsible 
for the alteration of any further apparatus installed. 
Any new consumers ^connected to the supply before the 


necessary for the operation of the consumers* installations 
on ax. supply is ordered from the manufacturers. 

(6) The loads obtained from the record cards are 
checked with the connected loads as shown by the 


SCALE 
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AREAS DEVELOPED ON ALTERNATING CURRENT SHOWN W/////, 
AREAS CHAN6ED 0VER FROM DIRECT TO ALTERNATING CURRENT SHOWN : 

AREAS AT PRESENT REMAINING ON DIRECT CURRENT SHOWN 

GENERATING STATIONS SHOWN W . ... V 

GRID intake SHOWN . ... • • 


Fig, . 17.—Low-tension distribution areas of the City of Birmingham Electric Supply Department, 1931. 


actual change-over takes place must also be served with 
a notice and their services entered on the service plan. 

(&) The necessary substation equipment is ordered and 
the meter department informed of the number of con¬ 
sumers to be changed over, so that sufficient ax. meters 
inay be available..;/■ 

(6) {a) As the inventories are obtained the apparatus 


inventories, particularly with regard to motor load, and 
the network is finally re-designed for a.c, supply. The 
loading plan is converted into a “ balancing ** plan, 
showing, in the manner indicated in Figs. 4 and 5, the 
respective phases on which the cores of the 3-wire mains 
will opeirate. The new cables necessary,,the network 
boxes to be replaced or converted, and the services to 
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be transferred or relaid, are also shown on this plan. 
The completed plan, or a copy thereof, is sent to the 
representative of the mains department who is to carry 
out the actual change-over. 

(7) When the substation equipment has been installed, 
the new mains laid, network boxes altered, services relaid 
or transferred, and the meters and consumers' apparatus 
obtained, a conference is held and representatives of the 
various departments decide upon the dates on which 
the various sections of distributors in the area will be 
changed over. 

( 8 ) A notice is sent to each consumer about one week 
previous to the date agreed upon, informing him that 
the system of supply will be altered on a certain day, 
and that his supply will be discontinued between certain 
hours on that date. 

(9) On the day previous to the change-over all the 
a.c. meters and new consumers' apparatus is delivered 
to the consumers’ premises. 



j The map in Fig. 17 shows the low-tension distribution 
areas of the City of Birmingham Electric Supply Depart¬ 
ment. The approximate numbers of consumers in these 
areas are as follows:— 

Approximate number of consumers on d.c. 

supply .. .. . 58 000 

Approximate number of consumers changed 
over from d.c. to a.c. supply .. .. .. 28 000 

Approximate number of consumers connected 
to the a.c. system in areas developed on a.c. 
supply and in areas that have been changed 

. 32 000 

Total number of low-tension consumers .. 118 000 


Fig. 18 shows the approximate number of low-tension 
consumers changed over each year from d.c. to a.c 

supply, m the City of Birmingham, during the last few 
.years. o .. 


»Z)0 


Fig. 18.—Approximate rate of change-over in City 
of Birmingham. ^ 

( 10 ) The actual change-over is then carried out The 
section or s^tions of distributor agreed upon for that 
day are dealt with. Soon after the d.c. supZ hZ Sen 
discontoued, the distributors can usually be made alive 

nii T+altered 

ujially be changed o“r to'S weSby iSS^Jg S 
change-over for alternate days. The iirterw^f?!i*^ 

o4on 

(12) Some time after the completion of +hA 
over, the consumers are notified S tte 
’’as been duly comnletM “6 internal work 

"ally obtained from each consumer stato^^r+h^ 


AcguismoN OF Sites and Removal of Restrictive 
Covenants. 

A change-over from direct to alternating current 
necessitates the installation of a greater number of 
substations, and owing to the small feeding radius of 

position at which a site is required is 
restncted to a comparatively small area 

crSfnv’J^il®^ becoming a matter of in- 

of required for a substation is. in the majority 

attractive proposition 
, P vendor, who becomes an unwilling seller 

^ 

nir ^“possible to obtain land anywhere 

f m position for a site, while in other instates 

requi^ed,^®^*^ ^ purchased than is actually 

Restrictive covenants sometimes imposed upon lan/i 

sulSe site?* Even"^hf ‘^® of 

liAoie sites. Jiven where an owner is willina to sell 

S t” “ ««<J»Mdng. th. 

"ho have .o 

Much has already been written on this subject and. 
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in the opinion of some legal authorities, certain powers 
are available under the Electric Lighting Act, 1909, and 
the Public Works Facilities Act, 1930, but the urgent 
need appears to be for more definite, speedy, and direct 
powers. 

Supplementary Explanation of Costs. 

The costs given in Part 2 for the change-over in 
industrial and city areas are approximate estimates, but 
those given in Part 1 for suburban areas were obtained 
from expenditure incurred during the year ending 
December 1930. All these costs are, of course, based 
on the maximum demand of a distribution centre 
the area supplied from which is being changed over, 
and they bear no relation to the maximum demand of 
any particular t 3 rpe of apparatus in the area. Thus, 
an electric cooker with a maximum demand of from 
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Fig. 19.—^Approximate change-over costs per kW for wire¬ 
less apparatus only, based on the maximum demand of 
the area being changed over. 

3 to 6 kW requires no alteration and costs nothing to 
change over, but the cost of changing over wireless 
apparatus, based on the maximum demand of wireless 
apparatus alone, would probably be over £400 per kW. 

Although many supply authorities do not undertake, 
during a change-over, the alteration or replacement of 
wireless apparatus to suit the altered system of supply, 
all the costs and comparisons given in Part 1 for 
changing-over in suburban areas include the expenditure 
necessary for altering or replacing lihis type of apparatus. 
In order to give a relative result in cases where it is 
not intended to deal with wireless apparatus, the expen¬ 
diture relating thereto has been shown separately in 
Figs. 7, 10, and 11, and can be eliminated if necessary. 

In the case of a small wireless set supplied by a d.c. 
eliminator the current required may not be sufficient 
to start the d.c. meter. Therefore this service may be 
given free for a considerable portion of the time during 
which such a set is infuse, and it does not seem 
reasonable that the undertakers should be expected to 
incur expenditure to ad 9 .pt, for use on the alte^red system 


of supply, apparatus from which they have received 
little or no revenue. 

Fig. 19 shows the increase in the approximate cost 
of changing over wireless apparatus during the last 
few years, and indicates that any supply authority 
undertaking the alteration or replacement of this tyjpe 
of apparatus should complete the change-over of their 
suburban areas at the earliest possible date, otherwise 
the increasing cost year by year may become a serious 
obstacle to changing over and therefore to the develop¬ 
ment of electricity supply in these areas. 

Change-over Concurrently with Change of 
Frequency. 

Some of the low-tension d.c. distribution centres of 
certain supply undertakings receive high-tension a.c. 
supply at a frequency of 25 cycles per second. This 
frequency will of course be altered to 50 cycles per 
second by, and at the expense of, the Central Electricity 
Board, and an opportunity thus occurs to change over 
to a.c. supply the low-tension d.c. networks supplied 
from some of these centres. 

By carrying out the low-tension system change-over 
in conjunction with the change of frequency the incon¬ 
venience and total cost would be considerably less than 
would be the case if the change of frequency were carried 
out first and the low-tension change-over at a later date. 

During the change of frequency at a distribution 
centre equipped with automatic rotary or rectifier plant, 
it might be necessary to erect a temporary building, 
install temporary plant, remove, rewind, and re-install 
the existing plant, remove the temporary plant, and 
take down the temporary building. The whole of the 
cost of these alterations would, of course, be chargeable 
to the Central Electricity Board. 

The expenditure, excluding the cost of changing over 
the low-tension networl^, would obviously be very much 
less if transformers and low-tension a.c. switchgear were 
installed, the low-tension network changed over to alter¬ 
nating current, and the d.c. plant dispensed with when 
the change-over was completed, 

The authors understand that, should an undertaking 
decide to carry out a low-tension system change-over 
in conjunction with the frequency change at any dis¬ 
tribution centre, the Central Electricity Board may allow 
to the undertakers a sum equal to a certain proportion 
of the estimated cost of altering the d.c. converting plant 
in this centre, to suit the altered frequency of supply, 
and this sum may be credited towards the cost of the 
low-tension change-over. It is therefore to the advan¬ 
tage of both the Central Electricity Board and supply 
underta-kings that the change-over of low-tension d.c. 
networks should, where possible, be carried out con¬ 
currently with a change of frequency, 

CONCLUSIONS. 

The authors are of the opinion that their investigations 
indicate that not only are engineering and technical 
advantages to be derived from a change-over to low- 
tension a.c. supply in suburban, industrial, and city 
areas, but that a change-over in these areas is essential 
for economic reasons. 

The expenditure necessary for change-over and de- 





velopment must vary, owing to local conditions, and 
must depend upon the type and density of the load, the 
type of plant and apparatus installed, and the engineering 
practice adopted, but it is not claimed that the various 
costs put forward in the paper would apply to all supply 
undertakmgs or to any one undertaking. These costs 
are for comparative purposes only and, although they 
are only approximate, an endeavour has been made in 
all cases to maintain a just comparison, and the authors 
feel that sufficient accuracy has been obtained to show 
clearly the financial advantages to be derived from 
cnangmg over in any area. 

It has been assumed that the d.c. voltage prior to a 

change-over would be sufficiently near to the “ standard ” 

a.c. volta^ to obviate the necessity of altering any 
apparatus because of an alteration in the voltage of the 
supply. The problem of the standardization of voltage 

® previous paper by Messrs. 

Haldane,* and the present authors are most 
decidedly of the opinion that where a change of the 
system of supply takes place, only the “ standard ” a.c. 
voltage of 230 volts between phase and neutral should 
oe adopted. 

♦ Journal 1927, vol. 66, p. 97, 


The advantages to be obtained from a change-over 
from low-tension d.c. supply to low-tension a.c. supply 
would appear to compare favourably with the benefits 
which. It IS claimed, will be derived from the national 
standardizataon of frequency, and the authors are of the 
opinion tiiat the standardization of low-tension distribu¬ 
tion IS also a national rather than a local problem. 
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^‘.f" The paper and the discussions to 

which it will give rise will help to focus attention on the 
subject of change-over, and may be the means of con- 
^nang many engineers of the wisdom of changing their 
distribution systems over to alternating current. I 
changed over the first section of a residential-area d.c. 
network to a single-phase 3-wire a.c. system about nine 
years ago, and the following year we obtained the 
^ction of the Electricity Commissioners to change over 
the whole of our system to single-phase 3-wire alter¬ 
nating current in the residential districts and to 3-phase 
memating current in the central and industrial areas, 
mat work has been going on steadily ever since, and it 
IS now almost complete in suburban areas and well 
adviced in central areas. While I am in full agree¬ 
ment with the authors as to the desirability and eco- 
nomic advantage of changing over d.c. networks to 
alternating current, I cannot altogether agree with them 
when they state that the limitations of single-phase 
supply ^11 ultimately lead to the adoption everywhere 
f the standard " 3-phase 4-wire system. If we could 
Ignore the expense I would agree, chiefly for reasons of 
standardization, as to the desirability of a universal 
3-ph^e 4-wire supply; but where one has in a resi¬ 
dential area a weU-developed network of 3-core cables 
m a large proportion of which the mid-wire is of only half 
tte cross-section of the outer, it is very costly to change 
ver to a, 3-phase 4-wire system, as the only satisfactory 
way of doing so is-to replace the whole of the main 
3-core distiibutors by 4-core cables. With a balanced 
l^d the conductor losses and voltage drops of 3-core 
^bles^are both increased by 50 per cent when the cable 

^'P^® 0“ ® single-phase 

^wire ^tem. Further. if_as is the case in a Wt 
^y old 3-wire distributors—the mid-wire is of only 
half the cross-section of the outer, the losses and the , 


increased by 100 per cent. There 

makt? co'^ater-advantages to 

make it justifiable to change over to the 3-phase 4-wLre 
system and sustain this heavy loss. In addition to the 
question of energy loss, there is the difficulty of mam- 
tainmg tee declared voltage at consumers' presses. In 
3-phase 4-wire network tee authors state 
teat when a new transformer substation is installed it is 
just M easy to run 4-core as 3-core l.t. feeders: although 

Stare nevertheless an undesira4 

teature. It is most economical to distribute as far as 

netaSv^h^fi* tension, and in my opinion tee ideal l.t. 
MiSf a system of large distributors 

^1 of tee same size. If this idea were adopted it would 
be possible to install a transformer substation almost 

connect it direct without 
^goying U. feeders. In 1927 Messrs. Beard and 
^d^e strongly expressed this same view. The need 

authors’ system is due either to tee 
feet that tew distributors are rather small, or to their 
preferring a large size of transformer substation. So far 
no residential area is concerned, there is 

butiJf single-phase and 3-phase distri- 

for^Wm ®"PP^^ “ perfectly standard 

for him, and tee lack of standardization is only felt by 
tee supply authorities in teat they have to buy 3-core 
M well as 4-core cables and Scott transformere (or some 
oteer non-standard type) as weU as tee standard trans* 

^ nuCTS. In actual practice, however, this disadvan¬ 
tage has not proved very serious. There is tee further 
disa-dvantege teat if there is an existing single-phase 

3- wme supplyrin one part of tee area .and a 3-phase 

4- wire system m another part, it is impossible to inter, 
connect tee-: whole of the l.t. network. This also has 
proved no great objection in practice. As the authors 

- ^ Journal I.M.E.,1927yyol.e^,p. 97. 
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point out, faults occur so rarely on low-tension a.c. net- tage would be gained by such a method of connection. 


works that the need for interconnecting is not strongly 
felt. A small objection to changing over residential 
areas first to a single-phase and then to a 3-phase supply 
is that it will necessitate a double change of any medium- 
size motors there may be on the system. The authors 
give some relative figures for mains faults on d.c. and 
a.c. networks, and it would be interesting if they could 
state the comparison between direct and alternating 
current so far as multi-core and armoured cables of 
modem type are concerned. In my experience d.c. 
faults with cables of that type have been extremely 
rare, the great majority of troubles on d.c. networks 
having arisen from the use of single-core cables. The 
use of single-core cables for l.t. distributors was generally 
abandoned some years ago, but there must be a con¬ 
siderable mileage of that type of distributor still in use. 
We in Salford have changed over a number of distribu¬ 
tors consisting of single-core plain lead-covered cables, 
with quite satisfactory results. As a matter of fact, the 
increased voltage-drop and loss associated with alter¬ 
nating as compared with direct current is relatively 
small, provided the single-core cables are laid fairly 
close together, as they are on solid-laid systems. In 
discussing the costs and economic advantages of change¬ 
over, the authors state (page 744): A usual estimate 
of the rate of increase in the demand for electricity is 
15 per cent per annum. This means that the maximum 
demand of an area will be doubled every 5 years.** I 
am sure that lie authors do not really mean to suggest 
that the maximum deinand on a system will be doubled 
every 5 years, because if it were we should have 32 times 
our present maximum demand in the short space of 25 
years. I cannot agree with their contention that the 
best method of correcting low power factor is to install 
power-factor correction plant on the high-tension side at 
certain selected master substations. The best place at 
which to correct power factor is at the load on the con- 
sumer*s premises, and the nearer one approaches to the 
power station the smaller will be the proportion of the 
distribution system which will benefit by the power- 
factor improvement. The benefits consist not only in 
an increased load-carrying capacity of the distribution 
system due to the reduction of wattless current, but also 
in improved voltage regulation. We in Salfprd have 
minimized the disadvantage of the low power factor , of 
a.c. systems by financially interesting our large power 
consumers in the maintenance of a good power factor. 
The results of this method have been so satisfactory 
that up to now we have not had to take any other steps 
to improve the power factor. I should like to draw 
attention to a mistake in Fig. 4, which shows a method 
of feeding 3-phase 4-wire current through three 3-wire 
distributors with the idea of reducing the voltage-drop 
and the loss. The method appears to me to be based 
on a misconception of what is possible in the way of 
passing alternating current through armoured cables. 
The current vectpis 4, 5, and 6, indicate that a rather 
heavy unbalanced current would pass idirpugh each of 
these armoured cables, but this would produce an im¬ 
practicably large voltage-drop, and in fact* the current in 
the neutral Woald be, not half of, but equaT tOi the 
current in the outers in each 3-core cablp. , No advan- 


i.e. the voltage drop and loss in the cables would be the 
same if junction 7 were abolished and the 3-core distri¬ 
butors were jointed straight through from junction 8 to 
junction 9. The authors deduce from Fig. 4 that— 
assuming balanced conditions and uniform loading, and 
provided the neutral conductor is of the same cross- 
section as the phase conductors—the PB loss on the 

3- wire mains would be only about 14*3 per cent* less on 
the single-phase than on the “ standard ** system. So 
far as I can make out, however, the loss on the 3-phase 

4- wire system would be 50 per cent greater than on the 
single-phase 3-wire system, and this is a strong reason 
for retaining the latter. At the beginning of the paper 
the authors make a comprehensive statement of the 
relative advantages to the supply authority of a.c. as 
compared with d.c. distribution. What we have to con¬ 
sider, however, is the advantage to the consumer, 
because any advantage to the authority which is not 
shared by the consumer cannot be regarded as real. The 
advantages enumerated by the authors all benefit the 
consumer by cheapening his supply of electricity. All 
the other advantages of alternating current to the con¬ 
sumer either cheapen his apparatus or improve or extend 
the service which electricity will give him. The follow¬ 
ing are a few of these, {a) Cheaper, more robust, and 
more reliable motors; (6) safe and efficient transforma¬ 
tion of voltage by static transformers, which have a 
large variety of uses; [c) safe and more efficient opera¬ 
tion of wireless sets; (d) greater ease of interrupting the 
circuit, owing to the periodic occurrence of zero points 
on current waves (this reduces fire risks and cheapens 
certain kinds of apparatus); {e) easy electrical time¬ 
keeping by synchronous clocks; and(/) more convenient 
supply for neon tubes (alternating current is essential for 
cerUin types of medical apparatus). 

Mr^ W* M. Mordey: The paper begins, continues, 
and ends, on a note of condemnation of direct current 
for all purposes and under all possible conditions. It 
suggests that however good and economical a d.c. supply 
may be, there are no conditions where it ought not to be 
changed to alternating current. I do not share. that 
view. I even suggest that there are already signs that 
in the future direct current, not alternating current, will 
prevail. The authors very properly emphasize the im¬ 
portance of high efficiency of distribution,, which they 
consider to be as important as high efficiency of genera¬ 
tion and transmission. I do not, however, agree with 
their view that high distribution efficiency can only be 
attained by the use of alternating current, and in sup¬ 
port of my opinion bn this point I will refer to a case 
where I was called upon to advise regarding the 3^wire 
500/260-volt d.c. system of a little town abroad* The 
owners of the generating station, which was in the middle 
of the town, were strongly advised to change over to 
alternating current. No other supply was available 
wii±dba hundreds of miles, the station was running quite 
well, fue;l was cheap on the; site, and the loss in dis¬ 
tribution was only about 16 per centv, In order to com¬ 
pare these results with actual figures for this country 
I examined the Electricity Conamissioners* published 
statistics for 1929—the latest then available. I found 

• Coixected for 



756 BLADES AND MacQUEEN: CHANGE-OVER OF LOV7-TENSION DISTRIBUTION 


that there were over 40 systems in this country working 
under about the same conditions as those of the foreign 
town in question; about half had d.c. systems* The 
average distribution losses for d.c. and a.c. systems were 
17-3 and 20*5 per cent respectively. What becomes, 
then, of the authors* statement that a change-over to 
alternating current ensures a much higher distribution 
efficiency. As regards Fig. 12, the curve for a.c. sub¬ 
stations shows an overall efficiency of 97 or 98 per cent 
but it only deals with large loads. I suggest that the 
important part of such efficiency curves is the low-load 
end, as the heavy loads are only on for a short time in 
each day. Would not Fig. 12 be more useful if the 
cur\’'es were continued down to zero ? 

* 1 ,^' While I agree with the authors 

that where a change-over takes place from direct to 
alternating current the ultimate aim should be to have 
a standard 3-phase 4-wLre network, the final choice of 
ms s<±eme niust depend principally upon financial con- 
aderations. In the case of small undertakings particu¬ 
larly, capi^ charges must be kept down, and the cost of 
replacmg 3-we mains by 4-core cables is apt to be 
ex^ssive. FuH use must therefore be made of existing 
3--i^ cables, and the losses and voltage-drop in the 
neufr^ caused by changing over to the authors* " stan- 

rZ “ cases compel the adoption of a 
smgle-phase supply. The only mode of 3-phase to 

m ^ considered is 

tte del^double-star method, because this gives both a 

mgle^hase and a •• standard *’3-phase systeSI^Xr 

Sat^S^sS®^ T" ^ at a later date so 

When ^ standard 3-phase supply. 

^ required for the network it 

IS an advantage to use 7-core cables. In any case even 

^ver be j— • * ncutrul Cein, bow- 

outers aiS +T,- twice the cross-section of the 

WK ^ suggestion has actuaUy been adontxH 

dard** one 

probably be shghtly more than^that*^ a^ble would 
when all the subsid^ro* a 4-core feeder, 

7-core cable with a donbV*^-^sct, a 
slightly less than a 4^ore^^bIe 
section. The advantage S T 7 co2 equivalent cross- 
makes,a 3-pbase 4 UTxnVi? ^ '-core feeder is that it 

distributors are require^S^n^ ^ 

tapped off an/i o «. 5__ , ^■0“te they can bs 


euiu u anv new 

tapped off ^d I" steSard"Tn? *^®^ 

however, the district , ^^^® ®“PPly given. If, 
should be of the 4-wire “®^ distributors 

charge of the work of cbaJ^ ?®ggest that those who have 

consideration to^e ore^LTtf ^"® 

Mig it out. Some in the means for carry- 

in which r ^ int^i? 

of trouble was met with f ' ?‘® greatest amount 

« met with dunng the actual process of 


changing over, and the part of the paper which deals 
with this matter might with advantage be amplified. I 
am interested in the question of the reduction of distri¬ 
bution faults due to changing over from direct to alter¬ 
nating current, and in this connection I should like to 
Imow the probable life of our present distribution 
systems consisting of paper-insulated lead-covered cables, 
both on alternating and on direct current. The authors 
refer to a case where the distribution system changed 
over was on the point of being replaced owing to frequent 
faults, which were eliminated by substituting the a.c. 
supply; I should like to know what .sort of system that 
was, and its age, because the information might tlu-oiv 
some Ught on the probable life of a modem distribution 
system. Restrictive covenants often lead to difficulty 
m the acquisition of substation sites, but such covenants 
^ now be removed by the authority interested obtaining 
Parhamentary powers. I believe that powers removing 
restnctions of this kind wiU, before very long, be em¬ 
bodied m a “ General Powers ’’ Bill relating to electricity 
supply. With regard to the acquisition of substation 
sites, I suggest tbat we should consider tire utilization of 
position on the roofs of large buildings in cities anrl 
congested areas. 

f think, general agreement 
that altematmg current is the best type of supply for 
newly-developed areas, and also that where the ?ost of 

S ctSS°'' '' reasorrable existing d.c. supplies .should 
^ changed over to alternating current. When, how- 
eyer, we consider the central parts of large towns or 
cities where there has been a d.c. supply for^many years 

Sire over*te^°^'^ “ difficulties of the 

S enonnous. There will almost cer- 

tonly be a large amount of electrically-operated printinc 
mreffinery conn®cted, and the cost of adaX tS ’ 
P^t to alternating current would be prohiffitivf [» 

sn^vha?Sn^”?“*^®^^*y°^^”donwheread.c 

P®?®®ders and distributors are nearly all 
. paper-msulated lead-covered cable*? a 
number of lead-covered and cables, and a large 

stalled. The main*? ^ ^ services are in- 

200-volt ^ ^-wire 

yoit^suppir writs' 

the distributors is therefore very S Tor 
system, and it is probable that • x- f 400-volt 

system of a'c Sis £ ^ 

culties, this is quite im^c^?u^^’^°™ *®‘^^“‘®^diffi- 

point of view, il ly the financial 

to continue to develop thl Ac P’’°“dnre is 

^ uevetop the d.c. supply until the load on 
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the distributors approaches the maximum, and then to 
superimpose a 4>wire a.c. network in those parts where 
assistance is needed. 

Mr. R. A. Chattock: With regard to Mr. Romero's 
criticism of the use of 4-wire l.t. feeders from large sub¬ 
stations for a.c. distribution, such feeders are necessary 
because they have to feed into existing 3-wire distri¬ 
buting mains, and also have to be connected at certain 
points with 4-wire feeders from small substations. 
Where the network is laid out de novo with 4-wire dis¬ 
tributors there is no need to run 4-wire feeders, as the 
transformers can be placed wherever necessary and can 
feed into the existing 4-wire distributing mains in the 
ordinary way. Turning to the question of the use of 
d.c. supplies in the large cities, the centre of the City of 
Birmingham, for example, is honeycombed with 1-inch 
feeders, and I cannot see that it will ever be possible to 
dig all these up and replace them by a.c. cables; the 
change-over would involve too much disturbance and 
financial loss. On the other hand, it would be quite 
easy to superimpose an a.c. network over the centre of 
the city, and connect to it those consumers whose 
installations could easily be adapted to the new t^ype of 
supply. This would relieve the d.c. network and render 
its extension quite unnecessary. As regards power- 
factor correction, while it would be advantageous to 
effect this on consumers' premises, such an idea is far 
too elaborate for the supply systems of large cities. In 
Birmingham the power factor is corrected on the h.t. 
feeders to substations only, as these are generally loaded 
up to their full capacity. This method gives the most 
economical utilization of the available copper. A lower 
power factor on h.t. distributors supplying large con¬ 
sumers does not seem to matter very much, as the 
copper in these is rarely loaded to its full capacity. 

Mr. H. A. Campbell: While I agree that in general 
no type of supply is better suited to the puiposes of 
secondary distribution than the 3-phase 4-wire system, I 
do not think that such a supply is best in every case. 
In suburban districts, for instance, it is hardly necessary 
to erect 3-phase transformers and lay out a 4-wire system, 
as very often the single-phase system meets all the 
requirements. In Jamaica we have been successfully 
using the open-delta 6-wire system in some districts 
where we have 3-phase motors, notwithstanding certain 
disadvantages associated with this t 3 rpe of supply. It 
is very elastic where the two voltages of the installed 
apparatus bear the ratio 1: 2, as it provides 3-phase 
supplies of 110 and 220 volts, single-phase of 110 and 
220 volts, and 110/220-volt 3-wire single-phase. Over¬ 
head lines are employed throughout, and the difficulties 
encountered are not so great as when underground 
cables are used. In America the 3-phase 4-wire system 
is being extensively adopted for general-purpose secon¬ 
dary underground networks, but American engineers 
are meeting with the difficulty that whereas this system 
gives voltages which are in the ratio of 1:^^* their 
apparatus is designed for voltages in the ratio of 1: 2. 
On motor circuits they are using auto-t^-ansformers to 
raise the voltage to the correct value. 

Mr. F. O. Harber: I should like to describe pur 
experience of changing over from direct to alternating 
current. The method we adopted was to use Scott- 


connected transformers and provide a single-phase 
supply, thus enabling us to use the existing 3-core cables; 
so far this system has been very satisfactory. In one or 
two exceptional cases of motors requiring a high starting 
torque, we have successfully given a 2-phase supply. 
With regard to Mr. Romero's statement that wireless 
sets can be operated more efficiently from an a.c. than 
from a d.c. supply, I find that the price of the a.c. 
eliminator is generally double that of the d.c. eliminator. 
I should like to ask the authors' opinion on the question 
whether the supply company should refund the cost of 
the d.c. eliminator or whether it should replace the latter 
by an equivalent a.c. eliminator. We have in aU cases 
chosen the latter alternative, and the consumers have 
usually been quite satisfied. As regards meters, we 
have found that a young apprentice is able to change 
15 meters per day. One of the most interesting problems 
I have come across was that of changing over an elec¬ 
trically-operated piano, which cost £260. The resistance 
for varying the speed worked in conjunction with a 
special timing device on the side of the roll which played 
the piano, and the price quoted by the makers for 
changing it over was £22 plus travelling expenses and 
the value of their workman's time for fitting. By 
installing a rectifier (which remains our own property) 
we were able to effect the change-over for half this price, 
and also cause less inconvenience to the consumer. 
Speaking generally, the change-over to alternating cur¬ 
rent is a consequence of the high efidciency of the static 
transformer, and it is interesting to speculate on the 
direction future developments may take if an equally 
efficient d.c. transformer is devised. 

Mr. R. N. Pegg {communicated): I agree with the 
authors that it is impossible to lay down a standard 
method of change-over, as each case must be treated on 
its own merits. With regard to the alternative methods 
of using existing 3-wire distributors, the authors appear 
to favour the first method given on page 739, and it 
would seem that their distributors all have three cores 
of equal cross-section. In such a case, their preference 
is undoubtedly right, but as most 3-wire distributor 
systems have neutrals with a cross-section of the order 
of 50 per cent of that of fhe outers, the full-load capacity 
of such distributors on alternating current—even under 
balanced-load conditions—will be 50 per cent of the 
d.c. figure. This point is illustrated by Fig. 2. Single¬ 
phase distribution from delta/double-star transformers 
is the best arrangement where it is essential to use 
an existing 3-wire network. I should be glad of par¬ 
ticulars of e.h.t. and l.t* switchgear equipments for 
substations as distinct from kiosks. I am sorry that no 
figures obtained in actual practice are given in Part 2 of 
the paper. Such figures would be very specialized in 
character, as city areas probably differ one from another 
more than do suburban districts. I should be glad of 
particulars of substation switchgear for city areas. The 
authors are to be congratulated on being able to pick up 
loads of 30 kW maximum demand on the h.t. system. 
I believe this practice has been adopted at Birmingham 
for the last few years. I should like to know the type 
and cost of the equipment asspciated with each service 
of this t 3 rpe. With regard to the change-Qver of wire¬ 
less apparatus, the authors seem to think that the supply 
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undertaking has the option of accepting or rejecting the 
liability for the cost of this. Can any more definite 
information on the legal aspect of the case be given in 
their reply ? 

Mr. D. Ripley (communicated ): I have been con¬ 
nected with the change-over of a number of small resi¬ 
dential towns, and although these were all very similar 
to one another I found that the network conditions, the 
amount of consumers* apparatus, and the economics of 
each case, were totaUy different. The authors* figures of 
costs in relation to the maximum demand on the net¬ 
work should not be accepted as Hkely to apply to any 
other town, owing to the var 3 dng amount of consumers* 
apparatus and the fact that the quantity encountered is 
increasing extensively. In the preliminary stages, 
when the economics of the change-over are being investi¬ 
gated, records are usually not available to show the 
Dumber of motors under 1 b.h.p.; also a considerable 
anmunt of plant, such as washing machines, coffee mills, 
batterjr-charging equipment, vacuum cleaners, and wire¬ 
less apparatus, may be connected to the system. The 
proportion of wireless to other apparatus shown by the * 
authors figures does not agree with that with which I 
change-over of a residential district 
m 192o only about 6 motors had to be dealt with, whilst 
the amount of other apparatus was quite negligible.The 
following percentage figures for a residential town now 

formerly generated direct 

current, may be of mterest. 


Land, substation, kiosks, transformers, and 

equipment (2 500 kVA instaUed) 

E.H.T. mains, alterations, and connections to 
l.t. net^vo^k 

Changing consumers’ meters 
Changing consumers’ equipment 


The cost of changing the consumers’ equioment fqq r.^,- 
cent of the whole) is subdivided as foUolsS ^ 

Motors and declared equipment .. 

Vacuum cleaners .. " “ “ ® 

Domestic wireless apparatus ! . ” ’" * 


Which 

to take a bulk supply 

of changing consumL* of the cost 

« ttt esfeting i™' 

time is rapidly comine when ®”PP^y* the 

over will be ereat even ^tial cost of changing 
the Central Ele<Sicife Board^T ®ffowance made by 


he everyone is satisfied that the distribution of the future 
ite will be by alternating current, why should not the loan 
in period be made equal to the estimated life of the a.c. 

system, particularly seeing that once the change-over 
a- has been made the supply authority has no further 
5i- liability connected with the change ? The shortness of 
a-r this loan period cripples the undertaking when it has 
le not had time to secure the advantages accruing to a.c. 
^f operation. With regard to the system advocated the 

| ■>f authors, while the 3-phase 4-wire type seems to be 
essential for heavily-loaded industrial areas, for suburban 
and residential conversion there is a good deal to be said 
for the delta/double-star system. The type of system 
to be adopted depends entirely upon the condition of 
the existing network. If it is heavily overloaded, 
inadequate, and old, I would advocate a new 4-core 
network in the principal streets—supplying the exi.stjng 
distributors in the way the authors mention. If the 
existing network is sufiSicient and in good condition, 
however, I would favour the double-star single-tdiase 
system. In practice it is neither difiEicult nor neces¬ 
sarily undesirable to split up the network into pluise 
areas; if this is done definite isolation of the requisite 
area is secured in the event of major faults. Witli a 
^stwork comprising fused interconnections, on the 
other hand, a major fault may bring out a very extensive 
area or the wong section (due to loading) and be difBciilt 
to toc^ There is little to choose between the efficiencies 
of the two systems, and I entirely endorse the authoj-s* 
opimon that the Scott system should be avoided. The 
for comparison where 4-core mains 

rfTcwJ ^ anticipation 

a achange. surely if this were done the supply authority 

beforehand that the ” standard " 

. adopt, and this state of ' 

iffaim should therefore not be compared with what 

be discounting 

He single-phase system, even for suburban areas thl 

ifmor qa^ties of the single-phase motor. E^k tf 
-ph^e distnbuhon were available they surely would 

b b f xnotor'iupplie'; Zer 

uxmzea to effect automatic starting. The 

distribvL. f-<^«rrents in the seoara+eA 


~ mectneity Board to d r “T <^ted by the ont-of-KoT,.,... — atop en- 

P oa 8 m. apart, I have found the inductive 
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drop at 0*8 power factor to be very appreciable. The 
last paragraph of the paper indicates that the authors 
have valuable information to give concerning the induc¬ 
tive losses in single-core armoured cables of various sizes 
at different loadings, and I hope that they will publish 
this in their reply. Such information would be very 
helpful, as the loadings and inductive drops in inter¬ 
connected networks are usually founded on guesswork 
backed by experience. In this connection I found by 


actual test, in the case of a housing estate supplied off 
single-core wire-armoured cable of 0«0225-sq. in. cross- 
section, that up to 25 amperes the total drop was almost 
the same as the resistance drop. On plotting the a.c. 
drop against the load I found no indication of inductive 
drop up to this loading. 

(The authors* reply to this discussion will be found on 
page 766.) 


South Midland Centre, at Birmingham, 21st March, 1932. 


Mr. R. H. Rawll: The authors indicate in Table 1 
the numerous tjrpes of systems of supply for low-tension 
distribution existing at present in this country, and 
rightly stress the importance of the standardization of 
low-tension systems. There is, however, another factor 
of even greater importance, and that is the need for 
the standardization of low-tension voltage at the re¬ 
commended figure of 230/400 volts. The confusion 
caused by the use of different voltages is even greater 
than that due to different systems‘of supply, and a 
decidedly retrograde step is being taken by numerous 
undertakings in perpetuating a non-standard voltage 
when changing over from direct to alternating current. 
Such a step should be prohibited by the proper authority. 
It is somewhat dififcult to follow the authors* reasoning 
regarding the contribution they suggest the Central 
Electricity Board might make when a d.c. generating 
plant is shut down and the opportunity is taken—on 
obtaining a bulk supply from the grid **—^to change 
over the l.t. network from direct to alternating current. 
I am of the opinion that this suggestion is based on 
a misconception of the Central Electricity Board*s 
powers and functions in such a set of circumstances as 
is outlined in the paper. The method Shown in Fig. 4 
of feeding existing 3-wire distribution mains from a 
3-phase 4-wire supply on a housing estate is, of course, 
a practicable one, providing a reasonable balance can 
be obtained. On most housing estates the lighting load 
is predominant, and such a method of distribution will 
soon give trouble if the heating load develops. The 
bunching of 3-core feeders to form one 3-phase feeder 
may be all very well as a temporary expedient, but 
taking future developments into account it is quite 
possible that the total cost of the network alterations 
ultimately found to be necessary on account of the 
growth of load will in many cases render such a 
practice unprofitable. The great disadvantage of the 
delta/double-star method of transformer connection 
is the diflSlculties and limitations met with in regard to 
interlinking with other areas of the l.t. network fed 
from a difierent source. In Table 3 the authors omit 
to mention that the great disadvantage of the single¬ 
phase system of supply is that all the motors used on 
system {a) must be of the single-phase type. . This 
fact obviously limits the size of the units in ques¬ 
tion, besides curtailing the numbers installed by 
consumers, on account of their high cost and inferior 
performance compared with 3-phase machines, From 
Table 4 it appears that the capital cost of installing 
a 4-core cable will be roughly 10 per cent more than 
that for a 3-core cable. The increased interest charges 


on this extra amount are, however, very small compared 
with the saving due to the 33 per cent decrease in 
losses which would be obtained, and for this reason 
where new mains have to be laid it is obviously a paying 
proposition to install 4-core cable. The audiors state 
that if the displaced converting plant is sold for use 
in another d.c. system, the sum obtained from the sale 
might reasonably be credited to the cost of the change¬ 
over and would greatly reduce the total cost. That the 
total cost would be very little reduced, however, can 
be easily shown if the case of two 600-kW rotary con¬ 
vertors is considered. A substation with two such 
machines installed could reasonably be expected to have 
a maximum demand of 625 kW. According to Fig. 7, 
the cost of changing over such a network is £18 per kW 
of maximum demand, representing about £11 100 in 
the case under consideration. Although the cost of 
new rotary convertors to-day is about £3 per kW, their 
second-hand value is only about 10s. per kW, Two 500-kW 
sets would therefore be sold for about £500, which if 
put to the credit of the total cost of the change-over 
only reduces this item by about 4*5 per cent. The 
amount that would be realized from the sale of recti¬ 
fiers is even less. It is not clear what is meant by the 
subdivision numbered "4** in Fig. 8, which repre¬ 
sents the comparative costs on direct and alternating 
current for maintenance and repairs of consumers* 
apparatus. This item will vary in size according to 
whether the supply undertaking carries out all such 
repairs and maintenance, a very unlikely supposition 
considering that the local electrical contractors usually 
do the bulk of this work, and therefore the figure given 
in Fig. 8 for this item is valueless. ! agree with the 
authors that a.c. meters are more sensitive than d.c. 
meters. Although it is true that singe the former 
registers kWh and the latter ampere-hours, the a.c. 
meter is the more equitable to both the supply autho¬ 
rity and the consumer, yet in changing over a consumer 
from direct to alternating current it is difficult to con¬ 
vince him that the slight increase in registered con¬ 
sumption which usually takes place can be legitimately 
accounted for. I fail to understand why in approxi¬ 
mately 5 years the total cost of changing over should 
be recovered from development charges alone, assuming 
an annual increase of load of 15 per cent. It seems* 
to me that ihe cost of changing over bears no relation¬ 
ship to the revenue derived from the increase of load 
which is to be expected. As regards the statement that 
some supply authorities are introducing preferential 
terms for good power factor, it will usually be found 
that this only applies to large consumers taking an 
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e.h.t. supply. I do not think it is correct to say that 
until recently the a.c. motor was at a disadvantage 
compared with the d.c. motor, and I should be inter¬ 
ested to have the authors’ reasons for this statement. 
Although it is an advantage if all new power consumers 
can be prevailed upon to install wiring for a 3-phase 
supply in anticipation of an intended change-over, there 
are very few cases where this can be effected kt the 
consumers expense. It would be interesting to know 
whether the author’s figure (Fig. 14) for the cost of 
changing over consumers’ apparatus in industrial areas 
includes the rewiring costs for 3-phase supplies; these 
charges form a large proportion of the costs of a change¬ 
over in industrial areas as distinct from residential 
areas, where consumers’ apparatus is mainly single¬ 
phase and consequently very few wiring alterations are 
necessary Various undertakings have interpreted dif¬ 
ferently their liability in connection with the changing 
o con^mers’apparatus, particularly domestic wireless 
apparatus, which, as shown in Figs. 7 and 19, accounts 
lor a large and increasing proportion of the cost in 
residential areas at the present time. Although under- 
ta^gs may get from wireless apparatus very little 
“ revenue compared with the conversion costs 
changing over, it is better to 
domestic consumer 
^ “ cultivated » for 
load-buddmg purposes. Consumers with a sense of 
^^ce developed at times of change-over may easily 
L—prejudiced against the furtter use 
ete ^ “ ^®“^ water-heating, cooking. 

aH-Prna+*^ regard to the change-over from direct to 
a rha cmrent of l.t. networks concurrently with 
a Jange of frequency of the e.h.t. supply; alLugh 
contribution wS might S 
e^ted from the Central Electricity Board to such 

cUMge of frequency were carried out first and the 11 
change-over later, the main factor is whetS to/i; 

1 change-over of the rotaiy-convertor or recti 

out ft tto ^temattog current to be carriS 

25-cycle load to ^ whereas a 200-kVA 

^-7 n a factory can be changed over to 

cycle P» ccc. 1. a wcak^aad, a similar ic. SVa 


rectifier feeding a low-tension distribution network 
might take several weeks to change over to alter¬ 
nating current. It is essential to have everything 
ready, particularly consumers’ apparatus, before a 
change-over is begun. Finally. I would urge that the 
stMdardization of the 230/400-volt 3-pha.se 4-wire dis¬ 
tribution system should be tackled as a national ratln'r 
than as a local problem. 

Prof. W. Cramp (communicated): In many iirlian 
areas the engineer organizing the change-over will not 
be to so fortunate a position as was the case in Bir- 
nitogham. I could quote instances in which a d.c. 
3-wire network has been laid in the form of separate 
cables side by side and run solid in metal troughs, li 
such cables are not lead-covered, it is unlikely that eddv 
ciments to the metal trough will seriously interfere 
when an a.c. supply is adopted, but everything depends 
upon^ the spacing and each case would have to fie 
examined separately. Again, in some instances cxi.stimr 
d.c. networks consist of single-core armoured calile, 
which could not be changed over in any case. I should’ 
be glad to know whether the authors have had anv 
e^nence of such difficulties, and, if so, what steps 
they took to overcome them. Also, in miuiy areas 
^^dy, conramem find it necessary for their special 
puiposes to transform from alternating to direct cur¬ 
rent, and such consumers on an existing d.c, sy.stem 
■Wtoit to be provided with converting plant. 

iS col+s^f r circumstances? 

Suid ^^ 1 ,^®..®^®'®'°''®’' ^’■® ®® alarming that it 
low fi’eur^,^' ^® were it not for the 

^ figure of mamtenance which the authors quote. 

+T, therefore exceedingly inmortaiit 
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taking concerned guarantee to exchange elements which 
break down within, say, 12 months, the period for 
which they are normally guaranteed by manufacturers. 
A consumer with a bona-fide charging apparatus has, of 
course, a case for exchange. In those cases where a 
consumer has interrupted his lighting or power circuit to 
use either load for charging purposes, I suggest that no 
apparatus should be supplied. My experience has been 
that at least 60 per cent of the domestic consumers 
changed-over who charged their own batteries, did so 
by interrupting a circuit, probably as a result of a word 
from an enterprising contractor. The position with 
regard to d.c. mains-driven wireless apparatus deserves 
firm and concerted action. Any form of d.c. mains 
apparatus is dangerous to life, and I consider that its 
use should constitute a breach of supply authorities* 
regulations. As a load it is of no use to the supply 
authority, and it is of no value in helping to make con¬ 
sumers electrically-minded. Further, if an a.c. supply 
had been available at the outset, the consumer would 
have had to bear the expense of the additional appa¬ 
ratus, i.e. the transformer and rectifier. It appears to 
me, therefore, that he should bear this expense when 
changed over. In conclusion, I should like to know 
whether the two isolated cross-shaded areas on the left- 
hand side of Fig. 17 are saturated manufacturing areas. 
If not, why were they not changed over together with 
the surrounding area? 

Mr, J. L. Carr; Unfortunately the authors* system 
does not seem to have been involved in a change of 
voltage as well as of type of supply. There are some 
points in the paper to which exception might be taken. 
I notice, for example, that in the Summary the authors 
claim that change-over from direct to alternating cur¬ 
rent can be carried out in a satisfactory and advan¬ 
tageous manner from an engineering ** as well as ** from 
an economic standpoint. The attempt to divorce eco¬ 
nomics from engineering is fundamentally unsound. A 
piece of work which is technically good but economically 
unsound is bad engineering. Further, a technically bad 
job can never be economically sound. An engineer's 
duty is to make the best use of the materials at his 
disposal, and those materials include financial resources. 
Engineering is therefore bound up with economic con¬ 
siderations; and the sole justification for undertaking 
an extensive change-over of a d.c. network is the eco¬ 
nomic argument. It is very much cheaper to distribute 
electricity by an a.c. 4-wire system than by direct 
current. On the other hand, the d.c. system has un¬ 
doubted technical advantages, particularly as regards 
voltage regulation. The regulation of an a.c. system is 
inherently poor, and unless automatic regula,ting devices 
are used the results cannot be so good as those obtained 
with the d.c. system, I support the claim for the use of 
standard systems. Although the authors refer to the 
standard system recommended by Messrs. Beard and 
Haldane,* in point of fact they do not adhere to the 
standard distribution network. The system they advo¬ 
cate is similar to the old d.c. feeder network system. In 
the standard system recommended by Beard and Hal¬ 
dane the low-voltage feeder was dispensed with and a 
distribution network was used; that is to say, the low- 

♦1927, vol. 65, p. 97, 


voltage d.c. feeder with its high first cost and large 
losses was replaced by high-voltage feeders and trans¬ 
formers placed at suitable feeding-points for a small 
distribution network. By using feeder networks in 
several places, as the authors suggest, one loses a great 
deal of the advantage of a.c. disbribution. The distri¬ 
bution network system is a logical development in 
electricity supply, and it undoubtedly possesses sub¬ 
stantial economic advantages. Another point to which 
exception might be token is the use of colours. Although 
the colours for a 3-phase 4-wire distribution system are 
not definitely specified in British Standard Specifica¬ 
tions, in at least one such Specification the phases are 
coloured red, white or yellow, and blue. In the I.E.E. 
Wiring Regulations the phase colours for internal wiring 
are red, white, and green, and the neutral is coloured 
black or blue. It seems to me that some standardiza¬ 
tion of colouring is necessary for stations, transmission 
and distribution systems, and interior wiring. In con¬ 
nection with the use of 3-core distributors, when a 
change-over was first considered in this district it was 
decided that as much use as possible should be made of the 
existing 3-core distributors. The system finally adopted 
was very similar to that suggested by the authors. In 
some outlying districts motors had to be dealt with; as 
single-phase motors of more than 1 or 2 h.p. are expen¬ 
sive and possess certain undesirable characteristics, in 
residential districts I suggested the use of an inverted 
balancing transformer in order to make the 3-phase 
energy available from a 2-phase-and-neutral supply. ’ 
We have used quite a number of these devices, usually 
with a little additional compounding in the derived 
phase in order to provide for better voltage at the 
motors, with some measure of success. The result is 
that by providing a squirrel-cage 3-phase machine the 
cost of conversion is cheapened, and at a later date when 
mains extensions become necessary a 4-wire service can 
be taken in without further dif&culty. With regard to 
the replacement of a.c. motors at the Ford works at 
Michigan, U.S.A., mentioned on page 748, although the 
authors use tliis matter as a justification for supply 
undertakings carrying out the change-over from direct 
to alternating current, the conditions are not com¬ 
parable. The former is a ease of a manufacturing- 
concern changing over of its own accord in order to 
obtain more efficient running and lower production 
costs, whereas an electricity supply undertaking is con¬ 
cerned merely with reducing the cost of distribution. 
This point should be borne in mind, however, when 
approaching the owners of a big works which it is con¬ 
sidered desirable to change over, because it may induce 
the works manager to consid^ contributing towards the 
expense. This is particularly the case if the works are 
sufficiently large to justify a high-voltage supply and 
consequently a lower tariff. In such cases it is only 
reasonable to assume that the cost of the change-over 
should be borne by the owners of the works. 

Mr. G. G. L. Preece: The authors* case in favour of 
changing over is all the stronger because Birmingham 
was one of the big towns that opposed the pressure put 
upon them by the Electricity Commissioners in connec¬ 
tion with both the change-over to alternating current 
and the frequency change. Is it, however, certain that 
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the authors are altogether right ? Many chief engineers 
of suppl}?- authorities consider that the expenditure 
involved in changing over is so large that the resultant 
gain in efficiency does not give a fair return on the 
money spent. All supply authorities are, however, 
agreed that in outer areas and on new work, a.c. supplies 
should be employed. With regard to substation equip¬ 
ment, there is no doubt that with a.c. apparatus one 
obtains a much greater kW capacity for a given sum 
spent than with converting plant. However, the inter¬ 
esting experiments recently carried out in Switzerland 
in regard to the grid control of mercury-arc rectifiers 
show high-tension d.c. transmission to be a practical 
proposition. Had these ideas been evolved a few years 
earlier I doubt whether large-scale a.c. transmission 
would have developed so rapidly. The question of 
voltage regulation, mentioned by Mr. Carr, constitutes a 
real difficulty in regard to a.c. distribution. A cheap 
^d efficient automatic voltage regulator for use on the 
Lt, side of transformers is badly needed at the present 
moment. The regulators at present available are so 
e^ensive in relation to the cost of the transformer that 
they are not being widely adopted. 

A authors rightly stress the 

desirability of changing over only to the standard volt¬ 
ages of 400 and 230 volts. Yet one hears of cases where 

a lighting voltage of 200 volts has been deliberately 
retained on the a.c. system in order to save the cost of 
replacing electric lamps and fires. Part 2 of the paper 
tates the advantages of change-over mainly from the 
““dertaking. The arguments on 
/ f ^ summarized as follows 

^ {a) ide maintenance charges of a.c. motors and control 

corresponding d.c. plant, 
of adaptable to aU classes 

SlSheSi? of high-temperature furnaces, electrode 

^ ^ large variety of electro-medical ' 

^fc) *’® for use on d.c. supplies. i 

and metal-working firms find alter- i 

weiamg methods now employed. ' j 

(<f) city areas the use of neon signs has brouffht the ^ 
01 tfa. j 

the expenditure over “ 

in the^eoflarffeandoM^ ^° ^ suggest that d 

proceed gradually and to allow^ policy is tp el 

obsolesc^e to^ert a^iSdlSf of time and c, 
■weeding out Unfortima* i amount of gradual tc 

derived 

the authors not think iSdviSS to le^ 

supply on the premise whiW ^ « 

straightforward appaiatiU ? ^ “® 


I persuaded to pay part of the cost of changing over,'* I 
think that if the case is put to him properly the Jarge 
power user will often be pleased to p)ay a substantial 
contribution towards the cost of the ebange-over, whiclx 
gives him the following advantages: .fii'st, a new set of 
motors of appreciably greater second-hand value than 
his d.c, motors; secondly, new wiring which will last 
hini for 20 to 30 years; • and finally, a unique oppor¬ 
tunity of reorganizing his drives and equipping himself 
afresh to meet the intense competition of to-day. 
Finally, as regards power factor, the time will surel}’’ 
come when all medium and large power users will be 
penalized or benefited by low or high power factor 
respectively. Has the suggestion made on page 740 
been adopted by the authors? If so, I presume tliat 
they put in static condensers. 

Mr. O. Howarth: I should like to take up the ipios- 
tion of power factor where Mr. Swales left off. Although 
toe authors suggest that correction should be dealt with 
rom toe high-tension side by installing power-fa ctor- 
:orrection plant at certain selected sub.stations, it seems 
to me that merely to correct the power factor on the 
ugh-tension system will be of little benefit to the iinder- 
aking The principal gain will be to the station and 
high-tension transmission system. The best way, if 
t can ^ done cheaply, is to correct the power factor at 
r!! * It certainly is a decided advantage to correct 

he power factor on the low-tension side of the step-down 
^s oimers and thus reduce the transformer capacity, 
twr. virireless sets and battery cliargers, 

*^^® compensate 
ae owners of such apparatus for the lo.ss they incur by 

particular appliance^ 

Ins compensation will help to pay the cost of new 
pparatus suitable for use on toe a.c. system. After all 
r.^^-^P‘7 l»« avaihbl. tathb taunt 

If with a supply him- 

■St wSih to. ^ eliminator for the 

i should like 

0 - tocTif <Jo much in the way of bring- 

lenSv^wito'* >-eq“irements 

nS ^®y «>®ni over. On many old d/c. systems 

SemStr r p--' 

SS Sttu^^ cSge^°uch' siSTchls ? 

damap . ^l*® 00^® of the former, and the 

to sell . 

to^^thont^y p,„taion 

is essentially stale-tase I apparatus 

neutral voltage is i^arta' phase-to- 

tion is aSd. Sh^fd ^'a®^ 

develop unexpectedly ini resid?Sfl Po^er supply 
t' tcuiy m a residentiaj ar^a and tha size 
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of motor be such that the single-phase supply is unsuit¬ 
able, it is certain that a 3-phase .supply could not be 
given satisfactorily from a 3-phase 4-wire network laid 
down in the absence of such a power load. Such a 
supply would therefore, in any case, have to receive 
special treatment. The change-over to a 3-phase 
4-wire system is also not so easy as the authors suggest. 
With regard to their mention of existing 4-core cable 
installed in anticipation of the change-over, as most 
extensions are made at the tail ends of the network such 
portions of 4-core cable are of little assistance. More¬ 
over, the use of existing 3-core cables as main distributors 
is not such a simple matter as might be inferred from 
their remarks. Fig. 4 shows the ideal case of three such 
cables of equal cross-sections. In practice the available 
cables are much more likely to consist of two along 
opposite sides of a main road, and frequently the cross- 
sections are not the same. It will further be seen in 
Fig. 4 that the resultant of the currents in the three 
cores of any one of these cables is not zero; if the cables 
are not metal-sheathed there will in consequence be a 
considerable reactance voltage-drop. As these voltages 
have a phase difference of 120°, in different cables the 
currents in the two cores forming one phase will not be 
in phase with each other, and there will also be circu¬ 
lating currents in the neutral conductors. If the cables 
are lead-sheathed these voltages will be reduced as a 
result of the similar circulating current in the lead 
sheaths, but they may still be considerable. While the 
reversal of the neutral current in the vector diagrams 
makes it easier to identify that current, some justifica¬ 
tion of the practice should have been given in the paper. 
The advantages of changing over to an a.c. supply 
should be amplified by the authors. One important 
advantage is the elimination of substation attendance 
cost, or, alternatively, the reduction in cost of automatic 
or remote control; further, on an a.c. system local means 
of voltage regulation or load balancing can be easily 
adopted. Another advantage is the great reduction in 
cost of mains maintenance where vulcanized bitumen 
cables are in use. Lastly, an a.c. mains supply can be 
safely used for all-mains " wireless sets and for bells, 
etc., while cookers and apparatus in damp situations, 
such as sculleries and,wash-houses, are much less liable 
to breakdown when operated by alternating current. 

Mr. J. Penrose: I shall deal first with the important 
question of voltage regulation. When the system is 
operating at full load, the voltage at the generating- 
station busbars being maintained constant, the voltage- 
drop from generator busbars to consumers’ terminals is 
of the order of 12 per cent. Owing to diversity this 
full value will not be reached, the actual figure being 
7*5 to 10 per cent. This figure may be exceeded due 
to local conditions, e.g. heavily-loaded distributors, 
especially when there are large out-of-balance currents. 
The effect of bad voltage regulation on consumers’ 
apparatus is considerable and very undesirable. Dealing 
with Part 2 of the paper, change-overs of industrial areas 
are the most difficult ones to undertake. In such areas 
the authority has the heaviest obligation, whilst the 
consumer reaps the greatest advantage. The existing 
plant is generally out of date. In Manchester every 
effort has been made during the past few„ years to pre¬ 


vent additional industrial loads being connected to the 
d.c. system; a.c. nuclei have been provided at many 
points to absorb these new loads. I suggest that in¬ 
tensive propaganda should be carried^ out to acquaint 
consumers with the advantages of modem plant, in 
order to induce them to shoulder some of the burdens 
which fall on the supply authority. In Manchester 
considerable lengths of vulcanized bitumen cables have 
been, and are still being, replaced. The new cables are 
of the 4-core t5q)e, and in many cases 2 X 0*26-sq. in. 
4-core cables have been laid instead of 1 x 0*6-sqi in. 
cables. Suitable balancing of the load will prevent 
difficulties occurring when a general change-over takes 
place. The connection of the large power consumer to 
the high-tension system is to be recommended. The 
power factor is generally very low for industrial loads— 
sometimes as low as 0*66-^and in my opinion special 
power-factor tariffs should be given even to small power 
users in order to induce them to effect an improvement 
in the power factor of their loads. I should be glad of 
the authors* opinion on this point. The figures of cost 
given in the paper are probably not representative. To 
relieve the d.c. conditions, a portion of an industrial 
area in Manchester was changed over a short time 
ago, and the cost per kW demand for conversion of 
apparatus was in excess of those in the residential dis¬ 
tricts. The authors’ figure for conversion of apparatus 
seems to be too low, and this is probably due to the 
reb'ef on account of change of frequency. There is a 
largely increased demand for electricity in city areas. 
In addition to the anticipated improvement in trade 
resulting from the re-occupation of premises now vacant, 
and augmented by new demands which have arisen out 
of recent developments, the following factors have to be 
considered, (a) Improved standard of illumination, 
(/j) Electric lifts, which are rapidly replacing hydraulic 
lifts, but are very expensive to convert, (c) Neon 
signs, for. which there is a rapidly increasing demand. 
(d) Flood lighting: I anticipate a great development in 
this form of exterior illumination, (e) Electric cooking. 
The anticipated increased demand will result in over¬ 
loading of existing d.c. feeders, which will have to be 
augmented unless a change-over is carried out. I 
should like to have seen in the paper a balance sheet 
showing the annual development charges for a.c. as 
against d.c. supplies, including the value of the kW 
demand on generating-station busbars, and the annual 
kW output from the generators. The savings in kW 
demand and kWh output in the case of alternating 
current are quite important, especially in view of the 
operation of the national ** grid ” system. 

Mr. G. H. Sammons: I should like a little explana¬ 
tion of Fig. 18, the caption of which is not quite clear. 
Is it a running total, or is it the number of consumers 
changed over per year, which is plotted ? If the latter, 
next year about 30 000 consumers will be changed over. 
I should like to say a word about single^phase systems. 
In a district where each house takes up 100 yards of 
road frontage one cannot distribute economically by 
means of low-tension current/ and in such cases it is 
necessary to resort to single-phase distribution by 2 000- 
volt feeders. I do not think we shall ever get, a standard 
low-tension distribution system in this country. Single^ 
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phase supplies will always be adopted in certain districts. 
On page 747 the authors recommend that consumers 
with maximum demands of 30 kW or over should be 
supplied direct from e.h.t. mains. Can this suggestion 
be carried out ? There are thousands of shops and even 
houses in England with more than 30 kW of load, and 
to install an e.h.t. supply in all such cases seems to be 
going rather too far. Although the authore refer to the 
lack of standardization and state that apparatus bought 
m one town will be useless in another, they also state 
that, when they change over, 220-volt lamps are con¬ 
nected to the 230-volt a.c. supply. I myself have used 
on a^ 230-volt system for 6 months without trouble 
2-k^\ fires and a 6-kW cooker bought for a 210-volt 
authors' figures (page 744) of 10-8 faults 
per 100 miles of distribution main per annum on d.c. 
networks and only 0 • 99 on a.c. networks give a very unfair 
coniparison between the two systems. I have no doubt 
that much of this 100 miles of d.c. mains consists of 
vulcan^ed bitumen cables, and to compare old types of 
d.c. cables with modem paper-insulated cable is not quite 
IfLr, cables properly laid wiU last just 

“Fm^ ^ The majority of 

.c. cables in the past have been laid in congested areas 

aSetS^^^® majority of a.c. cables have been laid to 

Se thi?®’ ^th housing schemes 

,, . . liable to be damaged bv other 

SoS?o’7aS^°“’“’^Tsubsidencf. t£ ratio 
of 10 8 to 0-99 does not represent the true comparative 
efiiciencies of the two systems. comparative 

I should like to refer to the 
nearl ?250 regulation on a.c. systems. Out of 

towni ofl ?n*® “ Manchester and neighbouring 

So ? the a.c. voltage to S?t 

of 4 pefceS'' nSS 

life ^^taS^ortheto?lS 

supplies are actoafly giv™?t 

declared 230 volts Zn mstead of the 

future loads. 

creased so much, the Wais will to^asfSTrfli“ 
tion, and the temnerati™ rvf w t ^ propor- 

such a value as t^edur? ^ “crease to 

unfair to suS tw I their life considerably. It is 

apparatus has lasted fo^Tmo??* Psrticnlar case the 
trouble, one is iuTiM^ • ® “"““ths without giving any 
apparatus to such a oflrer consumers' 

aay compensaSn. ^Se them 

apparatus which might have 6 to to ^ to scrap 
higher voltage it would dxs +-k^ ^ months’ life at the 
to be unfair to the consum^*'^^^^^ 

despite the fact that the consumer. 


actually consumes in the course of 12 months rather 
more electricity than a vacuum cleaner. 

Mr, C. L, E. Stewart: On page 738 the authors 
state that the Central Electricity Board bear the cost 
of converting d.c. supplies to a.c. supplies; do the Board 
bear the cost of making the supply authority's system 
suitable for receiving a supply from the '' ^id ? While 
they certainly do pay for changes of frequency, under a 
special clause in the 1926 Act, I have always understood 
that they go no further. I would emphasize that when 
a supply authority propose to change over from direct to 
alternating current they have to advertise the fact, and 
to state in the advertisement both the rights of the con¬ 
sumer and the liabilities of the supply authority. The 
consumer therefore knows exactly what he can demand. 

• whether the authors have included 

m their estimates the cost of transferring consumers^ 
services to new 4-core cables when these are laid for the 
purpose of change-over. In certain cases, especially 
sm residential areas, it is in my opinion quite sound 

the cheapest way, to transfer 
whole streets at a time by leaving the existing 3-core d.c. 

connecting them to two phases and the 

^ what has been 

the authors practice regarding the utilization of existing 
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vim ^ ^ fo the » Summary to Part 1 " (page 

d c 'supSIfS oould have additLal 

^ would indemnify the authorities 
ovS^ 4?®n?f! replacements which the change- 
t suggestion on 

I™! ?? load to altematine 

of reductions to the length of d c 
feeders which would thus be able to deal wSfipcIeid 
demand on tiiat portion of toe d,c. neWk neaS^f 

d.c.^dm°Md unfe^'to* is—why deal with any increased 

reqnires^replaMmeto to^^**’ plant 

and toe d ^^S^reduc^f 

ham is explained by the fact that top™ n- Birmtog- 
rematoed unchanged voltage of 230 volts 

tim metels aPPaxatos 

many met« feeS we?p ! ? changed over. How 
change 240 meters ner da Birmingham to 

par. l 2 , I do nS see^ toe Sdo^ .7"^? ? 
consumer an acknowledgment 

been satisfactory. This^ms to ch^ge-over has 
ing, because to^e are v proceed- 

toat they are satisfied. ^ ^ ^ never admit 

Mr-. W. J. Forster (communicated) : With re^d to 
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the authors^ three alternative ways of changing over 
from direct to alternating current (page 739), I regard 
all change-overs to single-phase as temporary measures, 
for use until the laying of 4-core cables and the complete 
change-over to a 3-phase 4-wire supply can be justified. 
I am glad to note in this connection, however, that the 
authors prefer the delta/double-star connection for 
single-phase supply, as this enables a 3-phase supply to 
be given from the substation for power consumers. I 
note that the authors do not mention the use of static 
balancers or auto-transformers on 3-phase 3-wire mains. 
I recently had to change over a consumer who used both 
power and lighting, and was supplied by a rather long 
3-core cable. As 3-phase supply was required for power 
purposes, and as the lighting load was quite small, an 
auto-transformer was installed to give 230 volts for this 
purpose. For larger installations a 3-phase static 
balancer could be installed so as to provide an artificial 
neutral point. In connection with the procedure of 
carrying out change-overs, the lantern slide exhibited by 
the authors showed that the inventory was made after 
the loan sanction had been obtained. This appears to 
be illogical, as it would be rather difficult to prepare an 
estimate of the cost of a change-over without a know- 
ledge of all the consumers' apparatus. I agree, however, 
that it is necessary to make a second inventory just 
before the change-over takes place, as consumers may 
have installed additional apparatus since the first 
inventory was prepared. It would be helpful if the 
authors could give some idea of the cost of sites for 
substations, which I find varies considerably from one 
town to another. 

Mr. S. R. Mellonie (communicaUd ): Figs. 14, 15, and 
16 are interesting as emphasizing the small proportion 
expended on transformers and switchgear, and I should 
like to know the t^ype of switchgear the authors 
have included for both the high- and the low-tension 
sides of the transformer; also the amount of spare 
capacity included in the figure for the transformers. The 
cost of the low-tension switchgear (if any) depends to a 
large extent on the maximum capacity of the installed 
transformers, and perhaps the authors would state the 
maximum size of substation to which these costs apply. 
It is well known that the cost of low-tension switchgear 
increases rapidly with the rupturing capacity, which in 
turn is determined largely by the size of the transformer 
bank installed. The suggestion is put forward on page 
746 that the power-factor correction equipment should 
be installed on the high-tension side. The efficacy of 
this method is doubtful, however, having regard to the 
fact that 80 per cent of the drop on the average system 
is due to the reactance of the transformer and the resis¬ 
tance of the low-tension cables, which under these 
circumstances would still carry the wattless component 
of the load. The ideal position for the power-factor- 
correction apparatus is as near the consuming plant as 
possible. 

Mr. B. S. Orme [communicated ): I cannot agree that 
the consumer should contribute towards the cost of 
replacements rendered necessary by a change-over. It 
must be remembered that much of the domestic and 
industrial electrical apparatus already installed in con¬ 
sumers' premises would not have been purchased but 
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for the commercial enterprise and advice of the supply 
undertaking. The change-over from direct current to 
low-tension alternating current is being carried out 
primarily in order to simplify the operation of the 
supply undertakings, the benefit to manufacturer and 
consumer being of an entirely secondary nature. The 
consumer is faced with the alternatives of agreeing to 
the change-over without reimbursement or having the 
supply to his premises discontinued. This treatment is 
unduly harsh; but as the supply authorities have the 
whip hand the consumer has no option but to submit to 
it. With regard to power-factor correction, it appears to 
be the business of the commercial engineer of the under¬ 
taking to advise consumers what equipment to install 
for the purpose of eliminating wattless kVA. I should 
be glad if the authors could state at what horse-power it 
is more economical to install a synchronous motor with 
its attendant starting-gear than to put in an induction 
motor. 

Mr. H. Shackleton [communicated): The authors 
appear to have been in a comparatively happy position 
with regard to change-over, for apparently in their case 
no change in effective voltage was involved. The 
lighting, heating, and cooking apparatus connected to 
the system therefore required no alteration. This fact 
perhaps renders the costs of changing over consumers' 
apparatus (Fig. 14) less indefinite than they would be in 
general. I regret that the above costs are in the first 
place estimated costs, and, secondly, that they are based 
on maximum demand. Even if the latter is known 
prior to change-over, the amount of connected load 
required to produce this demand may vary between very 
wide limits, depending on the tjrpe of connected load, 
and how it is used. In addition, certain motors may 
have been out of commission for some time. Their 
effect on the maximum demand will therefore be nil. 
On the other hand, these motors have to be changed 
over. Whether or not the cost is proportional to ti e 
maximum demand, the amount of equipment to be 
converted must affect the cost of change-over. I sug¬ 
gest, therefore, that the most useful and most straight¬ 
forward way of stating the above costs is per kW con¬ 
verted, the load to be converted being easily obtained 
from the inventories. In presenting the paper Mr. 
Blades mentioned that a.c. distribution in a city area 
suffered from the disadvantage that no stand-by battery 
was available. In the past, the cost of a stand-by 
battery of sulOScient capacity to provide an emergency 
supply was comparatively small. In certain areas, 
however, the load has developed so rapidly that the 
stand-by battery is no longer capable of giving an 
adequate emergency supply, and numerous complica¬ 
tions may arise when the question of increasing the 
capacity of the battery is considered. It would appear 
unfair, therefore, to state without qualification that d.c. 
distribution is superior to a.c. distribution in this respect. 

Mr. A. y. Sovraan One or two 

supply authorities in lahcashire have experienced con¬ 
siderable difhculty in changing over certain complete areas 
from direct to alternating current. The following cases 
were particularly difficult, (a) A 2-b.h.p. variable-speed 
silent d.c. motor was inst^ a church,, driving a 
church organ in conjunction with an automatically- 

60 
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Operated rheostat for varying the speed of the motor 
from practically nil up to full speed. It was not possible 
to replace this d.c. motor by an a.c. commutator 
motor, as commutator motors are noisy, and the 
existing bellows were quite unsuitable for varying the 
brush position of a commutator motor. A motor- 
generator was therefore supplied to the church, in order 
that the d.c. supply might be continued, (d) In the case I 
of a foundry employing a large number of d.c. magnets 
for lifting purposes, and having a number of d.c. electric 
hoists and cranes, it was found advantageous to install 
a motor-generator or small rotary convertor to enable 
the d.c. supply to be continued, (c) A similar case was 


met with in connection with a newspaper printing firm 
using a number of automatically-conti'olled rotary 
printing equipments, having a speed variation from 1 or 
2 r.p.m. up to 750 r.p.m. In this case the d.c. suj)iily 
had to be continued, owing to the treniendou.s cost of 
changing over to suitable a.c. equipment. I .should be 
glad to know whether the authors have met witli the 
same difficulties, and, if so, how they have o\-ercome 
them. If a motor-generator set, rotary convertor, <n’ 
rectifier, is installed on the consumers' premises, who is 
held responsible for the running of this Is 

metering performed on the input or the output side of 
the converting plant ? 


The Authors' Repey to the Discussiohs at Iondoh, Biemhoham, and Manchester 

TT A •». jr ^ . 


Messrs. H. Blades and A. C. MacQueen (in reply ); 
We are gratified to find that the criticisms of our paper 
show a very large measure of agreement with our princi¬ 
pal proposals. With one exception all the speakers seem 
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efiiciently supplied by direct current than it coufd !«■ 
by ^temating current. We understand tha t in this 
particular case a d.c. generating station wa.s .situattfd in 
he centre of the town. No mention is made of thi» 
voltage of generation or of a high-tension transmis.si.jn 
system, and we assume that the supply was given In' 
.t. feeders and distributors only. Tn our opinion .siicii 
a system could only be used economically witli a ina.\i- 
mum radius of supply from the generating station of 
aoout 1 mile, and even with this limited radius of .supply 
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these curves are shown in Fig. B. An examination of 
Figs. A and B shows that the lighter the load the more 
pronounced is the advantage of a.c. supply. Under 
modern conditions where invariably an e.h.t. trans¬ 
mission system and transforming or converting centres 
are employed, there is no doubt that a.c. distribution is 
more efficient than d.c. distribution. 

Choice of a System in Suburban Areas. 

Mr. Romero and Mr. Porter are in favour of adopting 
a permanent single-phase system where an existing 
3-wire network is being changed-over to alternating 
current. Messrs. Steel, Pegg, and Ripley, favour a 
temporary single-phase supply with a second change-over 
to the standard system at a later date, and Messrs. 
Lees, Carr, Rawll, and Preece, support a change-over to 
the “ standard system in one step. The two last-men¬ 
tioned alternatives are recommended in the paper. 
Wherever possible we are certainly in favour of changing 
over to the “ standard'' system. There is general 
agreement that 3-phase 4-wire distribution is preferable 
to single-phase distribution, and the only objection to 


On any network where a considerable increase of load 
is expected, new cables are likely to be required to meet 
this increase, and if such a network is being changed over 
to alternating current these new 4-core cables can be 
laid in advance and so provide for future development, 
and also enable the “ standard '' system to be adopted. 
We consider, therefore, that on the majority of systems 
—even where the network consists entirely of 3-wire 
mains—^it should be possible to adopt the standard '' 
system.. 

Undoubtedly, however, there are special cases where 
it is an advantage to adopt single-phase 3-wire supply as 
a temporary measure. In the case cited by Mr. Romero 
the network evidently consisted entirely of 3-wire cables, 
a large proportion of which had a neutral of half the 
cross-section of the outers. If such a network was of 
sufficient capacity to meet the anticipated increase of 
load for a number of years, then a single-phase supply 
would appear to be necessary, but only as a temporary 
measure. In our opinion there is no justification for a 
permanent single-phase system, and we consider that 
where single-phase 3-wire distribution is adopted the 


+R "B +G -B 



Fig. C, 


adopting the former is the presence of 3-wire mains in 
a network. 

Mr. Romero points out that with a balanced load the 
conductor losses and the voltage drop on 3-core cables 
are 50 per cent greater on the “ standard " system than 
on single-phase supply. This is emphasized in the paper 
and shown in the current vectors in Fig. 1, but provided 
there is a sufficiently large proportion of 4-core mains 
in the area to be changed over, the standard system 
renders the reduction in losses due to the use of all the 
cores of these 4-core mains greater than the losses due 
to the currents in the neutrals of the 3-core mains, thus 
making 3-phase 4-wire supply more efficient than single¬ 
phase supply. To illustrate this point Fig. 4 is repro¬ 
duced in Fig. C, with the addition that section 8 is 
assumed to be a 4-core main equal in length and resis¬ 
tance per core to the mains in sections 1 to 6. Assuming 
balanced conditions and uniform loading, and provided 
the neutral conductors are of the same cross-section as 
the phase conductors, the PR loss on the network shown 
in Fig. C would be approximately 27 per cent greater on 
single-phase than on 3-phase 4-wire supply. It is not 
contended that such a network would often be met with 
in practice, but we consider that this example is sufficient 
to show that with a comparatively small expenditure the 
majority of 3-wire'networks can be operated just as 
efficiently on the “ standard system as on single-phase 
supply. 


delta/double-star system of transformation should be 
used and single-core supply maintained only until 
sufficient 4-core mains have been laid to enable a second 
change-over to the standard system to take place. 
We cannot see any objection to this second change-over, 
as the expense to the undertaking and the inconvenience 
to consumers would be very small. 

Mr. Porter states that a single-phase 3-wire system 
will give standardization in suburban areas and that 
should any heavy motor loads develop special treatment 
would be required even on the standard system. 
This may be true, but unless these loads are sufficiently 
large to justify an e.h.t. supply such special treatment 
must include a 3-phase 4-wire supply from the l.t. 
network, and the only systems capable of giving such 
a supply are the " standard system and the temporary 
single-phase system from a delta/double-star trans¬ 
former. 

Mr. Romero also states that single-phase supply is 
perfectly standard for the consumer in suburban areas. 
He evidently assumes that all apparatus can be dealt 
with on a 230-volt supply, and neglects the very serious 
disadvantage of single-phase supply with regard to motor 
loads. A reply to a question by Mr. Lees will illustrate 
this point. 

Mr. Lees asks if the two isolated cross-shaded areas on 
the left of Fig. 17 are saturated manufacturing areas, and, 
if not, why they were not changed over with the sur- 
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tw? suburban areas containing 

the social and shopping centres for surrounding districts 
They were not changed over in 1931 because a frequency 

vl!t S. They however, being changed over this 

year. The southern area was given a d.c. supply by 
two rotary substations and one rectifier substation, the 
rectifier substations being situated midway between the 
rotary substations. The network was supplied by three 
3-core feeders from one rotary substation and by one 
^core feeder and three 3-core feeders from the other 
4-core mains formed approximately 29 per 

L were reduL 

m l^gth and used to give 3-phase 4-wire supply by 
mse^g static balancers at the new feeding po^ts^ 

^ ^-P.. a total motof load of 
408 h^p. had to be dealt with, and the cost of changing 
over the mams came within the limits shown in Fia 7 

ffiTh ““q* Mr. Romero suggests, to replace 

the 3-core mams. Very few replacements were 
required It would have been practicaUy impossible 

other alternating current by any 
other than the standard ” system, and such areas are 
numerous m the suburban districts of a large city. 

X. distribution shown in Fig. 4 is criticized 

by Mr^R„„ero „d Mr. Pcrter. The Lte Sm to 

t^s network as the ideal one for 3-phase 4-wire supply, 
th^tth not the case; it is made quite clear on page 741 

supphed by the smgle-phase system than by the 3-phase 
system. Fig. 4 was inserted to show a metLd of S 
3-phase 4-wire supply to a network such as E in Fig 3^ 
where a system consisting entirely of 3-core cables "is 
suzTounded by networks suitable for the " stand^d ” 
single-phase supply would be more 
efficient for such a network, 3-phase supply was recom¬ 
mended because it was obviously undesirable to insert 

distribution. 

The network shown m Fig. 4 cannot, therefore, be used as 
an example to test the relative efficiencies of the “ stem 

Fte'^Cwip'^ single-phase systems. An examination of 
Fig. C will maJie this quite clear. As already mentioned 
the “e^orfc shown in Fig. 4 is reproduced in Fig. C with 
the addition of one 4-core main (section 8). Four-core 
mmns form only 14-3 per cent of the total maL te 
this ne^ork, and yet, as previously shown, it is much 
more efficient to supply it by the “ standard " than by 
ttn smgle-ptose system. Referring again to Fig. 7 
m. Romero draws attention to the losses on sectioL 4* 

5, and 6, and states that no advantage is obtained by 
connecting the distributors together at point 7 He 
apparently assumes that when three 3-core cables Se 
used on the "standard" system to transmit power 
^m one pomt to another, the resultant flux in^each 
of the 3-core cables produces a current in the neutral 

equal to iffie currents in the phase conductors. However 

t^tei^ed out on 3-core armoured cables 660 yards in’ 
lengte, -p^th the armour bonded and earthed at the 
^pply end only, show that the cuxxent S^e ntitel 
does not exceed 76 per cent .of the currents in the SS 

(a) to practice when sections 1 , 2, and 3, happened to j 


^ unequally loaded, the total load on any one of the 
three phases m sections 1, 2, and 3, would be equaUy 
dmded between two phase conductors for transmission 
^ section 8, with a consequent 
m ^ improvement in voltage regulation. 

(b) Stand-by supplies are provided for the whole 

sr r‘ »“ 

(c) A reduction in losses is effected amounting-in 
he case of b^anced conditions and uniform loading— 

to approximately 8 per cent. ^ 

We regret an error in stating on page 6 of the 
fh f “ference to Fig. 4, 

Si P®^ less on the 

“standard" system. This 
be 26 per cent, and the correction has been 
made for the Journal. 


Voltage Regulation, 

® ^bich local means 

on an a load-balancing can be adopted 

frnm ^stem IS One of the advantages to be obtained 
ai^ i '^bereas Mr. Ereece and Mr. Jepson 

Sfa ^ disadvantage compLd 

r-— -c. system as regards voltage regulation, and Mr. 

te^eTnT regulation of an a.^ system 

be mherently poor. We agree with Mr. Porter and 
consider the voltage regulation of an a.c. system to ?e 
f This seemrsuS:ientty 

down a s^^PPly authorities lay 

+i?r^ 1 + *bey provide means for controlling 

the voltage either automaticaUy or manually whilst the 

that toe^oW ^ automatic voltage control and assume 
that the voltage regulation will take place on the 11 

at tot iri* ^ maintained 

busbars m the d.c. substation, whilst 
toe a c. distnbution has to be of sufficient capacity to 
provide for vanations of the e.h.t. supply voltege To 
pro^de a fair comparison, toe regulation on toe it. net¬ 
works only should be considered. The smaUer cos? of 

tL rt'dS? S ^ makes 

lets ?htn *be former usually 

less than one-ited that of the latter. As toe voltea^ 

to? supply, the drop on 

toa/trS.^ ‘^^b^bution is usually less than half 

ances h5? network, even after allow- 

Stp e?a inductive 

One of toe principal causes of poor voltege regulation 

K unbalanced^ conditions on the it. network, ^n an 

ai?d o“t-of-balance current can be easily 

Md cheaply wn-ected by inserting a static balanc^ 

“ - ® low-tension a.c. network is no* 
tit? £r reasonable voltage regula. 

s^ms no reason why automatic a.c. voteige 
regulators should not be instefled. Such regulators 

are so expensive ^C 

beteSdnot^ °^.f *“«®foJ^er; toiS Objection seeL to 

be basednotontheexcessivecostoftheregulatorbutbn 

toe cheapness of toe transformer. Refenihg to Fig 9 

gulator for a epO-kVA transformer is £ 200 , then the 



SYSTEMS FROM DIRECT CURRENT TO ALTERNATING CURRENT: DISCUSSION. 769 


total cost per kW of site, building, and equipment, 
including the regulator, would be less than £3 per kW 
for an a.c. centre. When this figure is compared with 
the equivalent cost for a d.c. centre of between £12 and 
£13 per kW, there seems no reason on the score of 
^expense to object to the installation of a.c. automatic 
voltage regulators. 

We, of course, agree with Mr. Preece that a cheaper 
a.c. automatic voltage regulator would be a decided 
advantage, and we consider that it might be advantageous 
if supply authorities had means of automatic voltage 
regulation incorporated in all new transformers installed. 

JPowar-Factor Correction, 

We agree with Messrs. Romero, Howarth, Swale, and 
Mellonie, as to the advantage of giving consumers a 
financial interest in the maintenance of a good power 
tactor. On page 746, col. 2, of the paper it is pointed out 
that some supply authorities are introducing preferential 
terms for good power factor, and should this practice 
•continue difficulties resulting from a poor power factor 
will tend to diminish. The suggestion to install power- 
factor-correction plant at master substations was only 
intended as an additional remedy should the preferential 
tariffs mentioned above not prove sufficient. In such 
a case it would obviously be impossible, as Mr. Chattock 
points out, to install power-factor-correction plant at 
low-tension consumers' premises, as the majority of 
consumers affected would have a maximum demand of 
from 5 to 30 kVA. 

We agree with Mr. Howarth that, if it can be accom¬ 
plished at a reasonable expense, it is better to correct 
the power factor on the low-tension than on the liigh- 
tension side of the step-down transformers. Unfortu¬ 
nately, to install power-factor-correction plant at every 
•distribution centre would be rather a costly business, 
and for this reason we suggest that where necessary 
power-factor-correction units of large capacity be 
installed at certain selected master substations. 

Mr. Rawli states that preferential terms for good 
power factor are usually restricted to extra-high- 
tension consumers; but Mr. Romero and other speakers 
•give instances of where such terms have been granted 
to low-tension consumers. Replying to Mr. Penrose, 
we are of the opinion that preferential tariffs for good 
power factor should be adopted by all undertakings 
jgiving a low-tension* a.c. supply. 

Mr. Orme asks at what horse-power it is more econo¬ 
mical to install a synchronous motor than an induction 
motor. This depends upon the power factpr of the 
remainder of the consumer's load and on the preferential 
terms granted by the supply authority. 

.Substation Sites. 

Mr. Forster asks for some idea of the cost of sub¬ 
station sites. It is quite impossible to give an average 
figure, as this cost varies to such an extent even in one 
■district. Where the site is required for a new housing 
estate in a suburban area it is in the interest of the 
owners of the land to sell at a reasonable price, because 
the substation is usually necessary to supply houses 
which the vendors of the site are building : in such cases 


the cost is usually between 3s. and 8s. per square yard. 
Where the site is required in a built-up suburban area 
and the vendor has no interest in the supply of electricity 
to the surrounding district, he may try to obtain three or 
four times this amount. In city areas where land is 
very scarce very high figures per square yard may be 
asked for the small plot of land necessary for an a.c. 
substation. The costs given in the paper are only com¬ 
parative, and it is possible to assume an average price 
per square yard because the cost per square yard for 
a site is the same whether an a.c. or a d.c. substation is 
erected. 

We are glad that Mr. Townley agrees with our view 
that more definite, speedy, and direct powers for the 
removal of restrictive covenants and the acquisition of 
substation sites are urgently required. 

Advantages to Consumers Resulting from a Change-Over. 

Messrs. Romero, Swale, Porter, and Penrose, point 
out the advantages to be gained by a consumer from a 
change-over to alternating current. We are glad that 
this point was raised, as undoubtedly it is not sufficiently 
stressed in the paper, which deals principally with the 
change-over from a supply undertaking's point of view. 
This point was not entirely lost sight of, however; the 
extracts from the Electrical Review (on page 748) were 
inserted partly to point out this advantage. Further, 
it is stated on page 749, with reference to these extracts, 

. . . *' The report further indicates the advantages to 
be obtained by an industrial consumer from a change¬ 
over to a.c. supply, the importance of which is obvious 
both from the individual and the national point of 
view." 

We cannot agree with Mr. Carr when he states, with 
reference to the extracts from the Electrical Review, that 
the change-over at the Ford motor works is not com¬ 
parable with a change-over carried out by a supply 
undertaking. It seems obvious that the Ford Motor Co. 
have a private e.h.t. transmission system, and among 
the benefits claimed in the report are reduction in energy 
losses in distribution lines and in conversions to direct 
current, and reduction in substation operation labour. 
Surely these are some of the principal benefits resulting 
to a supply undertaking from a change-over. 

Mr. Orme thinks that a consumer should not con¬ 
tribute towards the cost of replacements rendered 
necessary by a change-over, whilst Messrs. Carr, Swale, 
and Penrose, consider that he should shoulder some of 
the burdens which fall upon the supply industry. We 
take the latter view, as in many cases the consumer’s 
obsolete and inefficient d.c. plant is replaced by new, 
efficient a.c. plant. Further, the installation of a.c. 
plant reduces his maintenance charges by about 80 per 
cent. The change-over is therefore of definite financial 
value to the consumer^ and it seems only reasonable 
that he should contribute towards, its cost. 

In the discussion at Birmiingham Mr. Shaw gave 
several mstances Of consumers who,, having had the 
facts placed before them, did contribute towards the 
cost of changing over. We are of the opinion that by 
adopting the- methods; described by Mr. Shaw and 
getting into touch, v^ith consumers beforehand, a very 
considerable saving in change-over costs can be effected. 
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Use of Feeders on A.C. Systems in Suburban Areas 

exception to the use 
svsteS of T and tJie former advocates a 

r/ ‘^^^'^"tors all of the same size. As 

ill • f. laid dbwn, but. unfortu- 

majority 

f cases to provide for future requirements or even to 
meet present demands in the manner suggested by 


referred to m the paper and the old d.c. feeder system 
There is, however, no fair basis of comparison between 

length whilst the a.c. feeders are very short, the length 
being dependent upon the geographical lay-out of the 
Mea of supply. The use of these short feeders entails 
the loss of none of the advantages of a.c. distribution. 
If prefeired, they can be tapped and used as feeder 
distributors, but we do not regard this as advisable. 
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apparatus 
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Fig. D. 


consumers’ signatures 
•»- o satisfaction note 


Mr. Romero. New cables are therefore required to 
provide a.n outlet from distribution centres, and, as far 
as changng-over or any of the comparisons or costs 
fhl!^ w ® concerned, it is immaterial whether 

wwiin ® ^ distributors, 

ncidentally, we consider that for suburban areas a 
.eWk with short feeders and a uniform size of dis- 
nbutor IS more economical than the feeder-distributor 
y^stem recommended by Messrs. Beard and Haldane 
Mr. Carr draws a comparison between the system 


Procedure in Carrying Out Changeover. 

We agree with Mr. Townley that careful organization 

“tely essential, Tf 
the change-over is to be successfully carried out A 
diagram giving a suggested model procedure for changing 
ov^ the supply area of one distribution centre is showf 

Mr. Harber, where it is 
neither possible nor convenient to replace d.c. apparatus 
wi h a.c. apparatus, the practice is to install converting 
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or rectifying plant to operate the existing d.c. apparatus. 
D.C. eliminators are operated by suitable rectifiers or 
are replaced by equivalent a,c. eliminators. 

With reference to Mr. Howarth's inquiry regarding the 
bringing of old installations up to date, in factories where 
the new conditions of supply necessitate alterations to 
the installation, in order to comply with the Home 
Office Regulations, such alterations are carried out by 
the electricity department. As regards private dwelling- 
houses, under the I.E.E. Wiring Regulations all switches 
above conducting floors, whether used on 230-volt d.c. 
or 230-volt a.c. supplies, should be either earthed or 
shockproof, and quite apart from the change-over an 
endeavour is made to induce consumers to adhere to this 
rule. 

In reply to Mr. Sammons, Fig. 18 shows a running 
total of the number of consumers changed over. Thus in 
1931 approximately 12 000 consumers were transferred 
from d.c. to a.c. supply. We imagine that it would be 
rather beyond the powers of any supply authority to 
change over 26 000 consumers in any one year. Although 
in Birmingham the system is actually being changed 
over from 220-volt d.c. to 230-volt a.c. supply, we are at 
a loss to understand how Mr. Sammons comes to credit 
us with the statement in connection with the paper 
that 220-volt apparatus was connected to the 230-volt 
a.c. supply. We made it quite clear that in the prepara¬ 
tion of the paper the question of alteration to the voltage 
of supply was not considered. 

In reply to Mr. Fay’s question as to how many meter 
fixers are necessary to change over 240 meters in one 
day, our estimate is approximately 8 men and 6 
youths. 

We agree with Mr. Stewart that in suburban areas a 
considerable saving in expenditure can sometimes be 
effected by connecting lengths of a 3-wire main to a 
4-core distributor, instead of transferring all the services 
to the 4-core cable. 

In reply to Mr. Sowman, motor convertors, rotary 
convertors, or rectifiers, are only installed by arrange¬ 
ment with the consumer, whose property they become 
and who is responsible for their maintenance. The 
metering takes place on the input side. 

We are glad that Mr. Steel, Mr. Rawll, Mr. Penrose, 
and other speakers, support our view that in all areas 
only 4-core cables should be laid. 

Utilization of 3-Core Feeders on the Standard ” 3-phase 
4z-mive A.C, System. 

Mr. Fay asks what is the best method of utilizing 
existing 3-core feeders on the '' standard ” a.c. system, 
and Mr. Rawll suggests that the bunching of 3-core 
feeders to form one 3-phase feeder should only be used 
as a temporary expedient. On page 741 four methods 
are suggested whereby 3-core feeders can be used to 
give a 3-phase 4-wire supply: viz. by bunching two or 
more 3-core feeders together; by running a fourth wire; 
by inserting static balancers at the feeding points, and 
as phase boosters in conjunction with 4-core feeders. 
The first two methods are not recommended except as 
a temporary arrangement where the feeders are very 
short and the load very light, but by using either of the 
other two methods a satisfactory permanent arrange¬ 


ment is obtained. In our opinion the best method of 
utilizing a 3-core feeder on a standard ” a.c. supply is 
to reduce the length of the feeder, insert a static balancer 
at the new feeding point, and use the remaining part of 
the feeder as a phase booster on the network. The 
total cost of supplying and installing at the feeding 
point of a 3-core feeder a static balancer capable of 
dealing with an out-of-balance current of 100 amperes 
is approximately £35, and provided the cores are all of 
the same cross-section the carrying capacity of the 
feeder is thereby increased by 50 per cent. A static 
balancer may not be necessary where a network is 
supplied from the same substation by a 3-core feeder and 
a 4-core feeder. Practically full use can be made of 
the former by using it as a phase booster in parallel 
with the latter. 

In reply to Mr. Fay’s inquiry regarding voltage-drop, 
when a heavy out-of-balance current has to be dealt 
with by a 3-core feeder used in conjunction with a static 
balancer, the neutral point of the balancer may be 
slightly displaced, resulting in an increased voltage-drop 
on one of the phase conductors of the feeder. 

With reference to Mr. Forster’s remarks regarding the 
use of static balancers for individual consumers, where 
a power and lighting consumer is supplied by a long 
3-wire service a static balancer is sometimes installed 
at the consumer’s premises in preference to relaying the 
service. 

Standardization of Voltage. 

We cannot agree with Mr. Rawll when he states that 
the standardization of voltage is more important than 
the standardization of the type of current supplied. 
From a supply undertaking’s point of view the advantages 
to be obtained from standardization of voltage are not 
comparable with those to be derived from a change-over 
from d.c. to a.c. supply. Standardization of voltage 
benefits principally the consumers of electricity and the 
manufacturers of electrical apparatus, but the supply 
industry should also benefit to a large extent by a 
reduction in the cost of certain apparatus (e.g. trans¬ 
formers) and by an increase in the consumption of 
electricity. For this reason we agree with Messrs. Rawll 
and Swale that when a change-over takes place only the 
standard a.c. voltage of 230 volts between phase and 
neutral should be adopted. This is stressed on page 754 
of the paper. 

Switchgear. 

In reply to Messrs. Pegg and Mellonie, the costs given 
in the paper are for comparative purposes and allow 
for a similar type and class of switchgear for both alter¬ 
nating current and direct current, the rupturing and 
carrying capacity being the same for both systems of 
supply. For suburban areas (Figs. 7, 9, 10, and 11) 
the costs are based on distribution centres of 500-kW 
unit capacity. For city areas (Figs. 14, 15, and 16) the 
expenditure is based on substations of 2 000-kW unit 
capacity. As the costs are given in £ per kW, the 
capacity could be multiplied or the class of switchgear 
altered without materially affecting the comparative 
costs, provided the same type and class of switchgear 
were still maintained for both a.c. and d.c. supply. 
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/ «»«s Faults on AlUrnaHng and Direct Current. 
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November 192^ T>i« o ■*- i crnating* current in 
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supply. The information suppHed by Mr Yeaman 

17 hind described above is approximatelv 

17 years on d.c. supply and probably 40 to 50 years or 

beTusSS’"’ therefore ajpear’ to 

be justified in assummg that the life of an a system 

core on^a-c. and d.c. suppUes'^soTar°M^^lt“ 

<5ore armoured cables are concerned hn^ +Tn,a i x* 
fiffure<? nf in Q 14 . ^^ncernea, but the relative 

ngures of 10-8 faults on a d.c. system and 0-99 on ..n 
a.c. sys^m, per 100 miles of distribution per ai^Ju^ 
were obt^ed from networks in which a fair proportion 
of the cables were of the multi-core armoured tv^e 
. that 10-8 faults per a^um on 

-a d.c. system compared with 0-99 per annum on ^i^aT 

^ comparison, and assumes that 

these figures were obtained from a d c sv«+»,r, • I- 

years, many of the cables operating on alternating 


current had also been laid for that time. There was a 
greyer proportion of armoured cables in the d c net 
work than in the a.c. system, so that 
comparison as quite fair. ^ ^ 

We cannot agree with Mr. Sammons that similar 

M a.c. system. This question is settled by the informa- 

supplied by Mr. Yeaman which 
refere to a network where there was no difference in 
the type of cable, nature of soil, or method of htinT 
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sSSatiof T ^ a replacement was under con- 
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7' maintenance troubles disan- 

p axed. We consider it beyond doubt that under similL 

conditions the number of faults and the maintenance 

?c^Swr ^«®® a 

^development. 

estimate of 15 per 

Sf eSc^tS” fr T « the deil 

estimate is not inclusiv7of e.h'!t.''p7wS^72 ^fref^ 

2iL“1Sy 7f "r® demf-d 
Be^fandSai^nst^^d?^^ i^fuSe 

as regards domestic load, tSS 
nflLt Lfw ^ growth which wifi 

the jst eyears theUw^hin t^Vera^d fonSLSSf 
for domesfrc purposes, particularly in suburban area/ 
has more than justified this view, and we do not see anv " 

electricity on l.t. networks in suburban areas. 

Change-Over in City Areas. 

We Me glad to have Mr. Brazil’s and Mr Chattock’s 

p:^piy 

mammum pe loadmg and condition Of both the 
3-we network and the d.c. converting ptnt^eh 
be considered, and the latter is probaWv th77n7 
important consideration. Local cMditionc 7 7 

mn^ d.c. convertmg plant should be installed or anv 

eating converting plant replaced. WhL^uch pS 

uSSec2sa^ replacemfnt 

sufficiejc^a/l^^ordx^^^^^^^ 

d.c. feeders mentioned by Mr. Brazil, and we are of the. 


ar<ifaa^,”^Sw!j^5sf m7“TO“|^p®’5^. of 


Stand 
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opinion that it is better to develop a new a.c. network 
where necessary instead of laying additional d.c. feeders. 

The initial expense of starting an a.c. system and 
changing over sufficient load may be greater than the 
cost of laying a d.c. feeder, but the aim should be 
ultimately to obtain a complete a.c. system with the 
resultant advantages of reduced capital, maintenance, 
and development charges, and increased life of plant 
and network. Unless a permanent d.c. system is to be 
maintained, every kW of additional load connected to 
the d.c. network increases the change-over costs of the 
undertaking. We realize, of course, that it may be 
many years before a complete 4-core network can be 
superimposed on the existing 3-wire network, and that 
-during this period additional d.c. load will have to be 
added in certain areas, but we suggest that the total 
d.c. load should be gradually reduced until ultimately 
a complete a.c. system is obtained. Where new d.c. 
connections must of necessity be made, consumers 
should be persuaded to install wiring and, as far as 
possible, switchgear and plant suitable for 3-phase 
4-wire a.c. supply. 

In reply to Mr. Swale, we think that, where local 
conditions permit, heating and lighting loads should be 
changed over to alternating current first of all, and that 
connections which are costly to change should be left 
on d.c. supply as long as possible. In the meantime 
opportunities may arise—owing to replacement of plant, 
reorganization of works, or transfer of ownership—of 
carrying out the change-over at a greatly reduced cost. 

Mr. Fay’s point that two of our suggestions (one on 
page 747 and the other on page 750) are inconsistent 
has been dealt with in our reply to Mr. Brazil. We see 
nothing inconsistent in these two suggestions, but the 
following example which embodies both should make 
this clear. Assume that the plant in a d.c. distribution 
centre is becoming overloaded, and that one or more 
a.c. systems are started on the periphery of the d.c. area' 
of supply and some of the load changed over to alternat¬ 
ing current. The d.c. load on the centre is thus reduced, 
and if the feeders are shortened an increase of load on 
the remaining d.c. network can be dealt with, without 
•extending the d.c. plant in the centre or laying additional 
d.c. feeders. As the load on the remaining d.c. network 
further increases, or the d.c. plant requires replacement, 
the a.c. network is extended and the d.c. network 
reduced until ultimately a complete a.c. system is 
obtained. 

Regarding Mr. Fay’s suggestion to refuse to connect 
up consumers on a d.c. supply unless they agree to 
indemnify the supply authority against the cost of 
•changing over, we are afraid that undertakings are not 
in a position to refuse power or lighting load or to compel 
•consumers to make such an agreement unless they intend 
to carry out the change-over within a reasonable time 
after connecting up the consumers concerned. 

Mr. Shackleton must have misunderstood our reference 
to secondary batteries. Although in putting forward the 
relative merits of the a.c. and d.c. systems we stated that 
there was nothing on the former to replace the secondary 
batteries in use on the latter, we gave reasons (page 747) 
for not considering the loss of secondary, batteries any 
‘disadvantage to ax. distribution. 


Cost of Changing Over. 

Mr. Ripley and Mr. Penrose consider that the costs 
given in the paper are not representative, and Mr. Lees 
states that the expenditure on consumers’ apparatus for 
suburban areas is excessive. It is quite true that the 
cost of changing over in different areas varies with 
the nature of the l.t. network, the density of the load, the 
type of property, and the nature of the load supplied. 
The costs given in Part 1 of the paper are average 
figures computed from actual results obtained when 
changing over some 30 different suburban and residential 
areas. A detailed examination of this expenditure shows 
that although the total cost of changing over one area 
niay differ very much from the total expenditure neces¬ 
sary to change over another area, yet where there is an 
excessive amount of apparatus requiring alteration there 
is usually a corresponding amount of apparatus which 
requires no alteration and entails no expense, so that, 
excluding the expenditure for alteration to wireless 
apparatus, the cost per kW based on maximum demand 
does not vary to a large extent. The costs in Figs. 7, 9, 
10, and 11, were only inserted to indicate the undoubted 
economic advantage of changing over to a.c. supply, 
and we are of the opinion that they are sufficiently 
accurate for that purpose. 

The cost per kW demand for alterations to wireless 
apparatus remains fairly constant in the different areas 
at any one time, but, as shown in Fig. 19, this expenditure 
has rapidly increased during the last few years and now 
forms a large proportion of the total cost of changing 
over. If the expenditure on wireless apparatus be 
excluded, we do not agree with Mr. Ripley that the cost 
per kW demand of changing over will increase in the 
future. A large increase in the demand for electricity 
for heating and cooking purposes is to be expected, and 
provided no change in effective voltage is involved the 
change-over of this type of apparatus entails no expense. 
Such an increase of load, therefore, should reduce the 
cost per kW demand of changing over and more than 
compensate for the increased expenditure necessary to 
change over additional connections of apparatus which 
requires alteration. 'We agree, however, with Mr. Ripley 
that the 7-year loan period adopted by the Electricity 
Commissioners for the cost of changing over consumers’ 
apparatus could with advantage be greatly extended. 

Mr. Ripley suggests that the economics of rectifier 
substations should be investigated in connection with 
small towns which are generating direct current and are 
to take a supply from the ** grid.” We are quite sure 
that an investigation of the capital cost and main¬ 
tenance and development charges will only serve to 
emphasize the economic advantage^ of changing over. 

The percentage costs given by Mr, Ripley for changing 
over in a residential town are very interesting, but 
they would have been more so had it been possible to 
compare them with the costs given in Fig. 7. Unfortu¬ 
nately Mr. Ripley only gives an analysis on a percentage 
basis, and does not state the actual cost per kW demand 
or per kW installed. Further, his cost for changing 
over mains includes expenditure on e.h.t.. cables, which 
for obvious reasons, has not been included in Fig. 7. 
His detailed analysis of the expenditure on consumers’ 
apparatus in a residential district seems to show an 
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excessive amount for changing over motors and motor 
equipment. He appears to have been very fortunate, 
however, in the small amount of wireless apparatus 
with which he has had to deal. 

]Mr. Penrose considers that the costs given in Fig. 14 
for changing over consumers’ apparatus are too low, 
his reason for this \;iew being that in Manchester the 
costs obtained for conversion of apparatus in industrial 
areas were in excess of those obtained for residential 
areas. We understand that in the suburban areas 
referred to no wireless apparatus was changed over, 
and if such is the case the results obtained in Manchester 
would appear to confirm the costs given in Figs. 7 and 14. 
An examination of these figures will show that the costs 
for conversion of consumers’ apparatus in industrial 
areas is approximately three times that for residential 
areas if the expenditure on wireless apparatus be 
excluded. No allowance is made in Fig. 14 for relief 
in respect of change of frequency. 

In reply to JVIr. RawU, the estimated costs given in 
Fig. 14 include the expenditure necessary for re-wiring 
consumers' premises. With reference to the low cost for 
maintenance on an a.c. system mentioned by Prof. 
Cramp, the figures given in Fig. 8 include aU charges for 
repairs, renewals, inspection, and a fair proportion of 
overhead charges. These costs were inserted for com¬ 
parative purposes and were computed on the same basis 
as the costs given for the d.c. system, but the a.c. system 
from which they were obtained is capable of ileaiing 
wth a considerable increase of load. As the load 
m^eases, the maintenance costs per kW demand wiU 

! that the maintenance 

charges for an a.c. system given in Fig. 8 could be 
considerably reduced. 

Shackleton considers that it would have been 
tetter to have stated the costs of changing over in £ per 
of connoted load, instead of per kW demand. :nie 
onlj costs that could have been conveniently stated in 
terms of connected load are those for conversion of 
comumers' apparatus. One of the principal oScS 
of the paper was to show the economic advantages to a 

® changing over from diect to 
altematmg current, and it was necessary for comnar^v^ 

All the capital expenditure and a large percenta^rof 

ar^Wd^*^ mamtenance charges of ah undertfking ! 
are based on maximum demand, and even had +iif 
inversion charges for consumers’ apparatus been stated i 

comumL'appaSwrrreS:^Sm“,S^-^^ " 

really matters is the cost in rela&h ® 

of changing over, and also in relation to tte°^A ^ 

in expenditure resultin<y from a rhia-n reduction n 

<iistributors. services to new 4-core s€ 


^ ; costs^ : o^ tmnsfexH^ given include 

<iJStributors. ^ services to new 4-core 

. It. ^ of Ctogii, 


or over to a.c. supply should be amplified by the inclusion 
e, of the elimination of substation attendance costs and 
IS the reduction of maintenance charges on vulcanized 
bitumen cables. The latter advantage is shown in 
^ I^ig- 8, where the maintenance charges on cables in 
d.c. and a.c. networks are compared. These costs were 
te obtained from systems which included a large proportion 

i-l of vulcanized bitumen cables. While we agree that tlie 

tl elimination of substation attendance costs consequent 
s upon changing over is a very important financial 
% advantage, it was necessary for comparative purposes 
r to reduce all the costs given in the paper to unit values, 

=. and it is impossible to give substation attendance 
s charges in terms of £ per kW. Thus, although tlie 
1 capitalized value of the attendance charges on a 2 000-k\V 
1 substation may be £20 000, attendance might be irro- 
' vided for a 10 000-kW station for the same sum. WT* 
therefore had to eliminate labour charges, and a.ll tiu.; 
costs given for d.c. centres refer only to those whicli are 
J automatically controlled. As the capital expenditure 
. given in Figs, 9 and 15 for d.c. centres includes the cost 
of automatic gear, which is an important item, it would 
have been .unfair to have put forward as an additional 
advantage the elimination of attendance charges on 
non-automatic d.c. centres. 

Mr. RawU considers that the value of displaced d.c 
plant IS not worthy of consideration. No credit in tin’s 
respect is allowed in any of the costs put forward, and 
It IS only mentioned—as an additional advantage of 
c angmg over—that in certain circumstances the value 
of such displaced plant could be credited to the change- 
ver._ It is not always convenient to start a change- 

overl^^d^^r d.c. plant is becoming 

overloaded. Gonvertmg plant displaced by the change¬ 
over m another area can be installed as a temponirv ' 
m^sure until a change-over can be commencS, and 
£ fu?h new plant may be prevented. 

nn^i ?tates that as the cost of change-over bears 

incrSfTload to be derived from the 

expected, he fails to 
understand why m approximately 6 years the total cost 

' ch^ges^onJ® ^ recovered from development 

16 per cent W annual load increase of 

io per cent. He appears to be confusing the exoendi- 

derived Tro^+V ^'th the revenue 

W K the 

development rhar»«o • This reduction in 

to be obtained from cten£g o£r. 

subiS £ regarding Fig. 8, 

services, main switch^ and charges on 

is met by all suppTv ^ed apparatus. This item 

liave been better ted we t? P®^tiaps 

reierred to this subdivision aa 
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installation equipment'' instead of as ** consumers* 
apparatus.** 

Liability of Central Electricity Board, 

Messrs. Lees, Rawll, and Stewart, draw attention to 
the statement on page 738 that the Central Electricity 
Board may have power to compel small d.c. generating 
authorities to shut down their plant and take a supply 
from the national grid.** We regret that when the 
paper was being prepared we were misinformed regard¬ 
ing the powers conferred on the Central Electricity 
Board by the 1926 Act, and we now understand that the 
Board have no power to compel an undertaking to shut 
down their plant and take a supply from the grid. 

The statement referred to was inserted in order to 
illustrate the advantages to be obtained by a small 
d.c. authority from changing over to l.t. alternating 
current immediately 60-cycle high-tension supplies are 
made available by the grid.** Unfortunately, we 
chose the case of a small authority generating its own 
supplies, but a small undertaking receiving bulk supply 
at a frequency other than 50 cycles per sec. and con¬ 
verting to l.t. direct current for its own use would have 
illustrated our point just as well. If such a case be 
considered, then when the standardization of frequency 
takes place the Board will be responsible for the total 
cost of the alterations necessary to make the converting 
plant suitable for operation on a frequency of 60, If, 
however, the undertaking decided to change over the 
l.t, supply from direct current to 50-cycle alternating 
current at the same time as the change of frequency,, 
then the converting plant would be discarded and no 
alterations would be necessary. We understand that 
in such a case the undertaking might receive a certain 
percentage of the estimated cost of the alterations to 
the converting plant, and this sum could be used towards 
the cost of the l.t. change-over. If, therefore, in the 
statement on page 738 the case of a small undertaking 
receiving bulk supply at a frequency other than 60 cycles 
per sec. and converting it to direct current for its own 
use be substituted for that of a small township at present 
generating direct current for its own use, then a slightly 
modified form of the costs given in Table 2 will apply. 

We are of the opinion that it is to the advantage of 
the Central Electricity Board to encourage supply 
authorities to carry out a low-tension change-over 
concurrently with a change of frequency. Where the 
frequency of the h.t. supplies to a converting or rectifier 
station is being changed to 60 cycles per sec., the Board 
are responsible for the total cost of making the plant 
suitable for the standard frequency. If instead of 
continuing d.c. supplies a low-tension system change¬ 
over is carried out, an undertaking would probably 
accept about three-quarters of the estimated cost of 
changing the frequency on the converting or rectifier 
plant. A saving of about one-quarter of the total cost 
of the frequency change on the converting or rectifier 
centre would thus be effected by the Board, and the 
undertaking would receive a considerable contribution 
towards the cost of the l.t. system change-over. 


Mr. Stewart credits us with stating on page 738 that 
the Board bears the cost of converting d.c. supplies to 
a.c. supplies. No such statement is made in the paper. 
As explained above, we suggested that in certain cir¬ 
cumstances a sum received from the Board in respect 
of frequency change might be used towards the cost 
of changing over from d.c. supplies to a.c. supplies. 
As there may be some misunderstanding on this point, 
we wish to make it clear that we do not suggest that the 
Board are in any way concerned with or responsible for 
the change-over from direct current to alternating 
current. With the exception of those in Table 2, none 
of the costs given in the paper include or allow for any 
contribution from the Board. 

Use of Single-Core Cables on Alternating Current. 

In reply to Prof. Cramp, there are practically no 
single-core armoured cables in use in Birmingham as 
distributors, but a considerable number of the feeders 
in use on direct current in the city and industrial area 
consist of three single-core lead-covered and armoured 
cables of 1 sq. in., 0*5 sq. in., 1 sq. in. cross-section. 
We agree with Prof. Cramp that these feeders could not 
be changed over to alternating current. This fact is 
allowed for in Part 2 of the paper, as the network 
recommended for city and industrial areas consists 
entirely of 4-core cables. 

Mr. Ripley asks for information regarding the use of 
single-core armoured cables on alternating current. 
Apart from the increased inductance drop, on account 
of the excessive losses we consider it inadvisable to use 
these cables as feeders or distributors on any type of 
a.c. supply. Three single-core lead-covered unarmoured 
cables can be used to a limited extent on single-phase 
alternating current, provided the cables are laid very 
close together. 

Motors, 

In reply to Mr. Ripley and Mr. Fay, the limits to the 
size of single-phase motors depend upon local conditions, 
i.e., the capacity of the l.t. network, the cost of relaying 
the service or altering the service connections, and 
upon whether a 4-core distributor is available. Generally 
speaking, where a 3-phase 4-wire supply is available in 
suburban areas we consider that motors of 1 h.p. and 
above should be connected to the 3-phase supply. In 
special cases where there is no 4-core distributor, single- 
phase motors of 2 h.p., or sometimes 3 h.p„ may be per¬ 
mitted, but these are usually of the repulsion induction 
t 5 ^e operating on 400 volts and have a limited starting 
current. 

Mr. Rawll considers that the disadvantage of the 
single-phase system with regard to the supply of motor 
loads should have been included in Table 3. This table 
only gives a comparison of the different methods of 
transformation from 3-phase high-tension supply to 
single-phase low-tension supply. The difficulty in the 
supply of motbr load is common to all single-phase 
systems, and a special paragraph on page 742 is devoted 
to this disadvantage. 
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Summary. 


New inventions and the tendency to economize or. 
working fadlities have made the design of modem 
commumcation systems very compMcated. The inter- 
nn^tion of wire and wireless systems, for the first 

tS uSSf + connection of Great Britain with 
^ multiple utilization of lines for 

comtiXn tte t’le purpose of remote 

Wit^the eie*^ domain of power transmission, together 
transmission problems involved 
Stend^^e r taJking-films, have enormously 

“®® of communication systems ^ 
While ae practical systems are becoming Lcreasinalv 

re.3ed^+h‘^’ scientific research work hZ 

reduced the solution of the inherent problems to fo^ 

s:^tems. These fundamental considerations deal in 

communicaSin system 
S^SaSn%h^ iT?’ transmissL of 

Sfd^lethone ^ early days of telegraph 

and telephone engmeermg this part (called the " tian7 

mission ^uipment ") was made up only of oi of^o' 
wm€s between transmitter and receiver, from a physical 
s^pomt It is actuaUy the most complicSi^pS j 

Principijes of CosiMPNiGATiON Engineering 

tipn, the latter bemg represented by a de&iife magnitude 
time^function of the voltage and current applieffJe 

.input of the traiismissidn system • the svstem ic 

reg^d^ as a time function, enable the message be 
recognized. The mfomiation embodied,: for tostahce 
in the spoken word is a temporal sequence of vS 
of timT*°^e ti-r - oompKeated function 

to tt. 

inforaation suffers on being transmitted. Neverthelem 
:. A ve^ ^ple'^d fruitful manner of dealing with the 


to^be^tiLimS^^ knowledge that the informatio; 

1 be represented by Fourier' 

mtegr^as the sum of an infinite number of steadv-s^f 
sinusoidal, frequency components. The information i 
thus characterized by its oscillatory componeS- 

phS?V aSr® amplitude frequeLy, anc 

1 components—and the variations of th< 

from thAtransmission process may be deduced 

Ei^erience has shown that the reproduciblA b-anc 
mission of information, whether by way of the telegranh 

Dana, a restricted band, including on hr ^ 

po»«;, which „cbl. tt. „c2^cT 

on the transmission system, but only on the nature S 

information is deteSieJ oSf b?thA^“T°^^ 

Thi^c^^d®“f required Sd S^h 

p d of a message and the width of the frequency band 
n is generally possible to alter the frequenSJto hA 
transmitted; this is done bv «?formor + 1 ,^ to be 

» a Sttl w^. . g.i'4K^ » 

m ormatioa increases or decreases in the same ratio 

Shig Se principles discovered' 

foS •! 7®^®- Hartlfeyt expresses if as 

dta^ whLI^ iSSJ 4c'S^2^i M 

unfruitful. ^ ™ output, will always remain 



I y. ji,, xiartley: “ T 
Journal, 1928, vol. 7, p. 635, 




LtJSCHEN: MODERN COMMUNICATION SYSTEMS. 


777 


Transfer Exponent. 

The characteristics of any transmission system with 
respect to the sinusoidal components contained in the 
message may be, represented by two quantities, the 
attenuation and the phase difierence. To each oscillatory 
component at the input of the system there corresponds 
a component of equal frequency at the output, if the 
transmission characteristics of the system are inde¬ 
pendent of time. In general, the oscillations at the 
input and output differ in magnitude and phase. The 
ratio of the amplitudes of the voltages or currents at 
the input to those at the output of the system, for any 
given frequency, is expressed by the equation 

a = e* 

where a is the attenuation of the system. The phase 
difference between the two oscillatory components is 
represented by j8. The two quantities a and jS can 
readily be calculated or measured; they give a clear 
insight into the transmission characteristics of the system. 



Fig. 1.—Attenuation and phase of distortionless system. 


Assuming for all frequencies that a = 0 and j8 = 0, 
the components at the output of the system would 
coincide with those at the input. The received message 
currents would be identical and simultaneous with the 
transmitted ones; their magnitude/time functions would 
be equal. These two conditions characterize the ideal 
transmission. Now it is physically impossible to transmit 
information between two distant points without any 
delay. Provided that all the oscillatory components 
are delayed by the same amount on being, transmitted, 
the shape of the message currents remains unaltered. 
This is the case if the phase difference ^ of the com¬ 
ponents increases linearly with frequency. On the 
other hand, the shape of the message currents remains 
the same if all the components are attenuated or ampli¬ 
fied in the same ratio, i.e, if the quantity a is of con¬ 
stant value for all frequencies. In this case the trans¬ 
mission is considered to be distortionless; thus the 
fundamental conditions for distortionless transmission 
are as follows:— 

a = ao = constant; ^ 

where designates a constant, indicating the delay. 
Fig. 1 shows the attenuation and phase of a distortionless 
system. 

Though a constant attenuation and delay do not give 
rise to distortion, they affect the transmission consider¬ 
ably. The attenuation determines the message power- 


output and, in telephonic transmission, the volume 
in the receiver. If the attenuation is too high, the 
random disturbances in the transmission path and the 
external noise reduce the intelligibility of the message. 
This implies the fixing of limiting values for the trans¬ 
mission equivalent of communication systems, the 
value for telephone transmission systems being about 
30 decibels. 

The delay also is of importance, though only for very 
long trunk-cable circuits. In a dialogue, the answer to 
a question does not arrive until after at least double the 
delay. If the propagation time is very long (about 
1 second) considerable difficulties are encountered in 
carrying on a conversation. A maximum value of 

sec. for long-distance telephony has therefore been 
agreed upon by the Comite Consultatif International. 
This is important from the point of view of the dimen¬ 
sioning of the world’s traffic line systems, designed to 
encircle the earth by means of a few meshes. 

If the conditions for a distortionless system are not 
fulfilled, distortion arises during the transmission. 
Three departures from these conditions are possible:— 

(a) The attenuation a has a different value for 
different frequencies. 

ip) The phase difference j8 does not increase propor¬ 
tionally with frequency. 

(c) The quantities a and jS are not independent of the 
voltage and current amplitudes. 

The first two ty^es are linear distortions, i.e. amplitude 
distortion and phase distortion, whereas the third is 
spoken of as non-linear distortion.” 

Amplitude Distortion. 

The most important form of amplitude distortion is 
due to the restriction of the message frequency-range 
to the frequency range of the transmission system. 

* The spectrum of a message contains, strictly speaking, 
all the frequencies between zero and infinity. Hence if 
the transmission system is effective only witWn the range 
of frequenciesto/g, the shape of the message is altered. 
The message must then be completed by guessing, and 
this means a reduction in intelligibility. In telephone 
systems a transmission range of at least 300 to 2 400 
cycles per sec. has been agireed upon. 

if sinusoidal signals axe suddenly started, the limita¬ 
tion of frequencies to a definite range' gives rise to 
transients. Fig. 2 (see Plate 1, facing page 780) shows, 
for instance, the building-up phenomenon through band¬ 
pass filters of a given frequency range {/ 2 >-/i). The 
transient is due to the absence of the components which 
lie outside the range to /g. For relatively narrow 
band widths, e.g. those used in telegraphy, this con¬ 
sideration leads to the simple law:-— 


Hence the keying speed is limited by the finite band 
width, and the rate of communication is proportional 
to the band width.* In such systems the energy dies 
out in oscillations haying the border frequencies. Fig. 3 

♦ K. K0pfmCl];.er: ^‘Transient Phenoniena in Wave Filters,” Elektrische 
NachriQhtm-T^nikf lQ24i, vol. 1, p, 141. 
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(Plate 1) shows that, on breaking a signal of 125 cycles 
per sec. in a programme line, the energy dies out in 
oscillations of 43 cycles per sec., the lower border fre¬ 
quency of this type of line. These results may be 
deduced from Fourier’s integral and apply to an ac 
signal started suddenly. For a d.c. signal also the 
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Fig. 4. —^Rectangular wave. 

building-up period can be calculated in a simple 
as follows:— 

The Fourier senes of the rectangular curve shown in 
Fig. 4 may be written 

4^0 . 

— (sin -L. sin -f- ^ sin 5a}^ + . . .) 

The greater the number of terms of this series tat-Au 
mto account the more closely is the rectangu j SrJe 
.approximated. Fig. 5 shows the curve oKe^by 

osciUations; on the basis of this representation w^m^ 


¥/ V 


train, the lower the fundamental or basic frec|iiency 
becomes, and the more closely the oscillatory components 
of the spectrum lie together. If the period is made 
infinite, as shown in Fig. 8, the periodic curve gi\ es rise 
to the instantaneous change, and the summation lx>coines 

£ 



Fig. 7. —^Rectangular curve with positive voltage 
ordinates only. 

a process of integration. A single voltage step may 
be represented by » i r 


’“■Sof l-h- 

7T^ 


roo 

sin cot 


spectrum^^/n Kg^'^w” s^e? tSa? tS^mph^tuXf o7?he 

a = ?S>^ 

•n (o 

bS^2^ST“d contains all the frequencies 


Fig. o. OsciUatory components of a rectangular 
wave. 
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This function is shown in Fig. 10. The rise begins at a 
time the lower the cut-off frequency, i.e. the smaller 
the transmitted frequency range, the flatter the curve. 
If the building-up period T is defined according to the 
manner shown in Fig. 10, we obtain:— 



2/o 


If, for instance, the system transmits all the fre¬ 
quencies between 0 and 50 cycles per sec. uniformly well. 




Fig. 10.—Transient curve of a single voltage step. 


the building-up period of a suddenly-started d.c. signal 
is 1/100 sec. The maximum speed is in this case 
100 signal elements per second (bauds). As shown 
in Fig. 2, the value of T for a suddenly-started carrier- 
current signal is \l(f^ —/j) for a band width (/g —/i). 



Cycles per sec. 

Fig. 11.—Propagation time of 1000-km trunk cable. 

This building-up period is twice that of a d.c. signal for 
the same band width. Therefore, for equal band widths, 
d.c. telegraphy permits of the transmission of double 
the amount of information conveyed ’ by ordinary 
carrier-current telegraphy, provided the carrier frequency 
is located in the middle of the pass-band. 

In telephony there is a method of carrier-current 


transmission known as “ single side-band transmission.*'* 
It consists in shifting the carrier frequency to the border 
of the pass-band. As compared with double side-band 
transmission, only half the frequency range is required. 
This means that, for equal speeds of communication, 
the frequency range used for a carrier-current trans¬ 
mission need not be larger than that of an ordinary low- 
frequency transmission, a fact which is naturally of great 
importance from the point of view of the multiple 
utilization of lines. 


Phase Distortion, 

In a system with only phase distortion, no components 
are lacking in the message, but owing to the differences 
in delay of the various components the magnitude/time 
function of the message is altered. The ideal co¬ 
ordination has in part been lost, and this means a loss in 
intelligibility. As a measure of the action of phase 
distortion on the transmission of signals, use may be 
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Fig. 14.—^Phase-compensation networks. 


made of the frequency response d^ldca, which has the 
dimensions of a time. Thus t = d^/dco. If ^ = o)tQ, 
we obtain t ^ t^, i.e. the delay is the same for all fre¬ 
quencies. In general, dpldco is dependent on frequency. 
Fig. 11 shows, for instance, the delay of a medium-heavy 
loaded trunk cable 1 000 km in length. The rise below 
is caused by repeaters and that above by loading coils. 

A signal applied at a time t = 0 at the input of the 
system is perceived at the output at the earliest by a 
time corresponding to the smallest delay djS/do). The 
signal approximately attains the steady state at the 
end of the system after a time « = d^ldco, where t is 
the delay of the signal frequency itself.t 

Fig. 12 (Plate 2) shows the transient phenomenon in 
long coil-loaded circuits at 1 000 and 2 000 cycles per sec. 
The building-up period is approximately equal to the 


♦ E. H. CoLPiTTS and O. B. Blackwell: “ Carrier-Current Telephony and 
Telegraphy,’ ’ Transactions of the American 1921, yol. 40, P‘.205. 

t K. KOffmOller and H. F. Mayer: “ Transients in Periodically Loaded 
Lines and their Reduction by Compensating Networks,” Wissmtschaftliche 
Vefdflentlichungen aus dem Siemens-Konzerny 1926, vol. 6, p.^ 51; also J- R. 
Carson:** The.Buildihg-Up of Sinusoidal Curr^ts in Long Pgi^ically Loaded 
Lines,” BeU System Technical Journal, 1924, vol. 3, p. 658. 
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Fig. 2.—Building-up phenomenon through band-pass filter. 



Fig. 3 .—^Decay of energy at lower border frequency of programme line. 
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Fig. 12. Transients in medium-heavy loaded cable 1 400 km long. 




Plate 3.. 



Fig. 15.—Effect of phase compensation on medium-heavy loaded cable 1 800 km long. 
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Interference and Cross-talk. 

Another source of such disturbances as affect the 
transmission of signals is interference due to power 
plants and cross-talk. Cross-talk, in particular, is apt 
to be disturbing because it is perceptible also in the 
pauses. If several lines of equal message frequency- 
ranges are operated alongside one another, interference 
arises from cross-talk which, under certain conditions 
may be considerably increased by reflection at the ends! 
Much a.ttention had therefore to be paid to these matters 
before it was possible to multiplex lines. 

Table 1 shows the principal transmission charac¬ 
teristics in the form of a "pedigree.”* For each of these 
characteristics limits must be fixed which naturally 
depend on the nature of the information to be trans- 


A method of multiplexing aerial lines by means of 
telephone systems has been in use for some time 
past, ^e development of carrier-current telephony 
began in the United States and Germany during the 
War and tte system has now attained a high technical 
s M ar Fig. 19 shows a pole-line design recently put 
into service in the U.S.A. Of 20 pairs of conductors, 
16 ca^ 3 high-frequency channels each, in addition to 
the low-frequency communication circuits, and the 
equipped with 10 telegraph channels 

^ OA te 70 telephone 

and 80 telegraph circuits. 

Multi-channel voice-frequency telegraphy over tele¬ 
phone cables had been developed by about the same time 
as the above-mentioned carrier telephone S3rstems f 


Table 2. 


Transmission characteristic 

Telephony 

Programme 

transmission 

Telegraphy with 
start-stop 

Picture trans¬ 
mission on lines 

Transmission range, cycles per sec. .. 

Variation in attenuation, decibels 

Difference in delay, milliseconds 

Noise voltage as a fraction of the maximum transmission 
voltage 

Maximum delay, milliseconds 

300 to 2 400 
± 6 

30 

1/200 

260 

50 to 6 400 
± 3 

5* 

1/1 000 

0 to 24 
± 3 

20 

1/20 

760 to 1 850 
± 4 

10 

1/60 


* In the most important transmission range. 


mitted. Table 2 gives a rough idea of the limits regarded 
as permissible in practice for some of the factors im- 
pairing transmission. 

The demands which are to be made on a satisfactory 
transmission are independent of the type of transmission 
link employed; it is immaterial whether the transmission 
IS effected over an aerial line, a cable, or with the aid of 
a earner wave through the ether. Mention has there¬ 
fore not been made of coil spacing, conductor gauge 
capacitance of lines, and spacing of repeater stations! 
Many systems may be devised which meet the require¬ 
ments set out in Table 2. In addition to the cable 
pteiM ^mmended by the C.C.I., others which seem 
to be better adapted to local communication needs have 
been used successfuUy, e.g. those recently set up in 
HoU^<h The question therefore arises whether the 
C.O.I. should not restrict its work in the future to the 
determination of electric and magnetic values. 


Multiple Utilization of Lines and of Wieele 
Channels. 

The considerations presented in the first part of t 
paperhave not only been the basis of rules for the dev 
opment of ordinary telegraphy and telephony, but ha 
^o been of fundamental importance in the developme 
of the eqmpments required for the multiple utilization 
communication systems, one of the most striking featui 
•11 'temmunication engineering. This secti 

■mu d^ mth some new developments in this directic 
■VIZ. 2-band telephony and the multiple utilization of 
mreless wavj*. 

• A similar p^gree may be found in Document 38 of the C.C.I., Paris, 198 


conveying from 6 to 12 telegraphic messages 
mthm the frequency range from about 400 to 2 000 cycles 
per sec., i.e. within the normal voice frequency, range of 
circuits. For measuring and signalling 
? ■with 18 channels have even been 

developed. While the technical standard Of carrier 



Fig. 19.— ^Pole-line configuration. 


of cables for telephonic purposes has only recently 
become important. ^ 



Telegraphie imd felephoniellilSJvd 
1 LiiscHEN: “ Voice-Fr< 

1923, vol. 44, pp 

W* A. Phelps; vuiwx’requeni 
Trmsoatons of the American LE.E, 


14, p. 461. 
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According to a paper by A. B. Clark,* the U.S.A. 
contemplate the use of carrier-current systems on 
unloaded or very lightly loaded trunk cables with a 
high velocity of propagation. This may prove to be a 
way of obtaining circuits having a propagation velocity 
which is also sufficient for the longest trunk-cable 
communications, without sacrificing too much of their 
•economy. 

There are good reasons why the multiplexing of 
telephone-cable circuits is only now being seriously 
contemplated. At first, the normal voice-frequency 
utilization of cables involved a series of problems 
the solution of which entirely absorbed the attention 
of telephone engineers. Mention may be made of the 
successful efforts to solve such problems as amplitude 
distortion, phase distortion, echo effects, and non¬ 
linear distortion. Cables and repeaters had to be 
brought to a high standard of efficiency in order to 
secure reliable transmission of information over very 
long trunk lines. As a great number of conductors 
can be placed readily and economically in a land cable, 
the use of complicated terminal equipments such as 
are required for the multiple utilization of such lines 
did not appear justified. 

The conditions are quite different so far as submarine- 
cable systems are concerned. The costs per km for a 
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Fig. 20.—Schematic diagram of 2-band telephony. 

pair of wires are here considerably higher and, in addition, 
greater distances must frequently be bridged without 
using through-line repeaters. Hence it was in con¬ 
nection with submarine cables that multiple utilization 
for telephonic purposes was first carried into effect, not 
only in unloaded single-wire cables but also in coil- 
loaded cables of many wires. Examples of the first 
type of cable are the Teneriffe-Grand Canaryf and the 
paragutta cable from Key West to Havana. J 

Two-Band Telephone Systems. 

The multiple utilization of coil-loaded submarine 
cables has recently been successfully achieved by means 
of the 2-band telephone system, § which employs two 
frequency bands for a conversation over a metallic 
circuit. The schematic diagram of a 2-band system is 
given in Fig. 20. 

Let two subscribers A and B be connected by a pair 
of wires. An increase in the length of the line, and 
consequently in the line attenuation, necessitates the 
use of 2-wire repeaters. For reasons of stability, 

♦ A. B. Clark: “Recent Developments in: Long Distance Cables/’ Bell 
Telephone Co. Monograph No. B.486, May 1930, 
t T. Caldwell: Eketrical Communication, 1931, vol. 9, p. 222; also K. E. 
Latimer and J. R. Vezey: p. 226, 

$ J J. GrLBERx: Bctt Laboratories Record, 1931, vol. 9, p. 412, 

§ H. F Uayur: **Two-Baxid'£Ql&phonY, **Telegraphe7uundF6msprech-Technik, 
1929, vol. 18, p. 812. 


however, 2-wire repeaters cannot be used when the 
length exceeds a certain limit, and in such cases it is 
necessary to add another pair of wires, i.e. to make use 
of 4-wire operation. In a 2-band system the required 
separation of the two directions of speech is obtained 
by providing a second channel on the same line, in 
addition to the normal voice-frequency channel. It is 
thus possible to save the expense of a second line. Sub¬ 
scriber A (Fig. 20) transmits speech over the terminating 
set G, the voice-frequency amplifier SV, the line, and the 
voice-frequency amplifier EV, to the subscriber B. The 
speech currents of the subscriber B are superimposed in 
the transmitter S on a carrier frequency /, flow over the 
carrier channel of the line circuit, thence to the receiver 
E, and, after being rectified and amplified, reach the 
receiver A as voice frequency. The separation of the 
two directions of speech at the two extremities of the cir¬ 
cuit is achieved by means of filters. The width of the 
channels, as well as the selection of a carrier, are deter¬ 
mined by the frequency band to be transmitted. Fig. 21 



Fig. 21.—Allocation of frequencies in 2-band telephony. 

shows a convenient frequency allocation designed for use 
in the fourth coil-loaded submarine cable between Ger¬ 
many and Sweden. This cable is 160 km in length. At 
the upper border frequency of 6 600 cycles per sec. it has 
a maximum attenuation of 44 decibels. The cable con¬ 
tains 42 quads, which permit of the setting up of 84 
complete 2-band circuits. 

In the 2-band system it is essential that the bands 
for the two directions of speech involved in a conversa¬ 
tion should be transmitted over the same line circuit. 
Therefore non-linear effects produced by the loading 
material of the cable do not give rise to intermodulation, 
but only to echo effects. In case of need, echo effects 
can easily be eliminated by means of echo suppressors; 
such effects, however, have not as yet been observed in 
the short 2-band systems actually in use. 

As may be seen from Fig. 21, the frequencies of the 
two channels are quite low, so that a 2-band system may 
be regarded as a low-frequency system, and in fact the 
art of 2-band telephony differs in no way from that of 
ordinary telephony. Therefore 2-band communicatiois 
have attained a very high degree of technical perfection 
and reliability. 

As to the economic aspect of 2-band telephony, the 
conditions are, of course, very favourable if existing 
cables can be adapted for 2-band operation. This is 
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possible in the case of unloaded cables, and of con¬ 
tinuously loaded or periodically light-loaded cables of 
medium length having an attenuation not exceeding 



^ 400km 

Fig. 22. ^Relative costs of 4-wire systems and 9 

50 to 70 dMibels at frequencies up to about 6 600 cycles 
p In sucb cables it is possible to duplicate the 

n^ber of ^eaMng circuits at a relatively l^ cS 
To find out to what extent economies can be effected i 


are of equal attenuation and have frequency ranges of 
f equal widths, their cut-off frequencies being apfircixi- 
y mately in the ratio 2:1. The transients in 2-hand 
channels axe not of greater nw-gnitude tliiin those 
inherent in the 4-wire frequency range. The ecoiionin-s 
effected by the 2-band system for the important range 
from 100 to 300 km amount to 10 to 25 per cent. In 
addition, the 2-band system offers the advantage that 
its delay is about one-half that of tlic <l-wirt‘ cable 
Hence 2-band operation may offer advantages from 
both the electrical and the economic aspect, not only for 
the extension of existing plants but also for ntnv plant.s. 

Another field of application of tlie 2-band system is in 
connection with very long deep-sea cables, wliich, for 
mechanical reasons, can be set up only as contiiuion.siv- 
loaded paragutta cables having one conductor and a 
concentnc earthed return. Such a cable permits n{ 
obtauung only one circuit in 2-wire operation. For 
reasons of stability, use must be made of a Uip-flan 

110 ideal solution. Orr n.sing 
system, the flip-flap device can l.e dis- 
pe^ed up to certain lengths. Thus one obtains a 
cirout which, with respect to stability, is equivalent to 

play an 

I important part in the design of long deep-sea caldel 

Increase of the Economy and Reliabilitv av 
bHORT-WAvjE Connections. 
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short-wave lines an excess of received energy is often 
available at the hours of favourable working conditions. 
Tests of this nature have already been carried out in 
various countries, e.g. between England and Canada by 
Marconi. 

So far as Germany is concerned, a system of simul¬ 
taneous telephony and telegraphy has been tested 
between Berlin and Buenos Aires.* It was designed 
to transmit speech and two telegraphic messages 
simultaneously. An important feature of this system is 
that multiple utilization is achieved only by adding 
supplementary normal low-frequency apparatus to an 
existing carrier-telephone circuit. The speech frequencies 
are thereby led to the transmitter in the normal manner. 
The transmission of telegraphic messages is effected as 
follows:— 

The marks and the spaces each have imparted to 
them a low frequency, and the marking and spacing 
frequencies only differ by about 100 cycles per sec. 
In practice, a valve generator tuned to one frequency is, 
by the addition of a condenser, changed over to the other 
frequency. At the receiving end, the marks and spaces, 
after demodulation, are discriminated and led to a recti¬ 
fier which supplies two separate windings of the receiving 
relay in opposite directions. If both rectifiers are ener¬ 
gized simultaneously, which may occur in the case of 
atmospherics, their actions on the relay neutralize each 
other, whereas the working of only one rectifier causes 
the reversal of the relay armature. In this way some 
amount of protection against additional signals (fills) 
may be obtained. 

Another advantage of this system consists in the 
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Fig. 24.—Allocation of frequencies for simultaneous telephony 
and telegraphy on Berlin-Buenos Aires link. 

exact fading control. As contrasted with the normal 
method of keying the message transmitter, a signal 
frequency is always available at the receiving end and 
can be used for automatic amplitude control. Since 
it is not necessary to give the control a long hang-over 
for bridging the spaces the fadings can be followed up 
rapidly, regardless of the keying speed. 

In the actual multi-channel system use was made 
of two such telegraph channels, which could either be 
operated separately or combined in parallel. The control 
device for one channel was thereby used to deal with the 
speech amplitudes also. An accurate control cannot be 
obtained in this manner, since the action of the selective 
fadings on the amplitudes of speech frequencies differs 
from that on the controlling telegraph frequencies. 
Tests have, however, shown that such a control has, on 
an average, a compensating effect. 

Fig. 24 shows the frequency allocation for the various 
channels. The talking channel comprises the fre- 

* D. Thierbach: “ Simultaneous Telegraphy and Telephony on Short-Wave 
Communication Systems,” TeUfunkm-Zeiiimg, March 1932. 


quencies of from 400 to 2 400 cycles per sec. The first 
telegraph channel contains the frequencies of from 2 700 
to 2 800 cycles per sec., and the second the frequencies of 
from 5 550 to 5 650 cycles per sec. With this alloca¬ 
tion of the telegraph channels, the talking channel 
remains practically free from interference tones. 

Fig. 25 shows the schematic diagram of the plant. 
Speech currents coming from a trunk line or microphone 
are restricted by the filters to the prescribed range. 
Behind the first component channel (2 700 to 2 800 
cycles per sec.) is added. Gg is a valve generator, the 
frequency of which is altered for marks and spaces. 
Filter restricts the channel to the range imposed by 
the keying speed. Behind the input amplifier W, the 
second telegraph channel (5 550 to 5 650 cycles per sec.) 
is added. Both channels, if combined, are keyed in 
parallel. The transmitter S is normally modulated by 


Transmitting 
end _ 


^3 O'! , M Rl 

Ki 5 550 -5650C3rcles per sec. 

-0-Speech 

1 . R2 

2700-2800 cycles per sec. 


Receiving 

end 



Telegraphy 


. - — Speech 


' Telegraphy 


Fig. 25.—Schematic diagram of multiplexing system of 
Berlin-Buenos Aires link. 


the frequency mixture of speech and telegraph signals, 
the resultant amplitude being controlled by a modulation 
meter. 

At the receiving end the receiver E picks up the mix¬ 
ture of speech and telegraph signals. After demodula¬ 
tion, the first separation is carried out in such a manner 
that the frequencies 2 700 to 2 800 cycles per sec. and the 
voice frequencies pass through a filter Kg, whereas the 
frequencies 5 550 to 5 650 cycles per sec. are rejected 
and make their way through the filter Speech and 
the first telegraph channel are controlled in the common 
regulation amplifier through the filter K 7 and the input 
amplifier-detector GI 7 . Only the voice currents reach 
the subscriber through the filter K 30 . The signal fre¬ 
quencies, after having passed through Kig, axe stepped 
down to the frequencies 250 to 350 cycles per sec. with 
the aid of the local oscillator G 3 and the modulator M^, 
so as to enable them to be separated reliably from one 
another by simple filters Kg and K^q. The firequencies 
actuate the rectifiers Gig and G 13 , to which, a winding 
of relay R 3 is connected. Thus the connection of the 














786 


LtSCHEN: MODERN COMMUNICATION SYSTEMS. 


windings is so designed as to cause the two rectifiers to 
counteract each other. 

The second channel is designed in much the same 
manner; the frequency transformation is achieved by the 
local oscillator and modulator Mg,* control is effected 
in the regulating amplifier RVg, with the aid of the 
amplifier-detector GI 4 and filter K^g. The marking and 
spacing frequencies are selected one from another by 
filters Kjg and K 24 , associated with the rectifiers Gig 
and Gig respectively, the latter being connected, for 
combined channels, in the same way to two windings 
of relay Kg. If the telegraph channels are operated 
separately, a special relay is, of course, assigned to 
each channel. 

Practical tests were carried out on the radio linlr 
between Buenos Aires and Berlin with the assistance of 
the Transradio International in Buenos Aires, tiie Ger¬ 
man Post Office, and the Transradio A.G., Berlin. The 
transmitter was^ at Monte Grande, the receiver at 
Beelitz near Berlin. The tests with morse working and 


conditions. These and similar tests carried out in ruher 
places have evidenced that multiple utilizatiiui and 
printing-telegraph working can be achieviHi in prartice 
when equipment suitable for short-wave ehannefs is 
employed. 

It must be admitted that the use of spt‘cial svstm.s 
involves practical difficulties. Morse operation has 
been adopted internationally, so that intercommunica¬ 
tion is feasible between any two stations. Tins not 
so as regards special systems, which, of coiirst', v.im 
only be operated if both stations are equipped willi the 
appropriate apparatus. After a definite so!utic»n oi the 
technical problems has been tirrived at, it will be m cu.s. 
sary to come to an agreement upon these points. 

Reverting to the important theorem given af Uic 
beginning of the paper in the form suggested l>y f Inn 
this has been called by K. Kupfmuller the “ time law of 
the communication a,rt.^** The law states Hint tor each 
method of transmitting information the product of ilif- 
transmission time for a letter and the width at tlie 


Table 3. 


Transmission time x band width = h 


Means of transmission 


Teletype, d.c. 

Telet^e, a.c. .. 
High-speed Siemens d.c. 
Quadruple Baudot d.c. 
Submarine-cable telegraphy 
Picture transmission .. 
Telephony 


1 Speed of transmission 

Letters per minute 

Bauds 

400 

48 

400 

48 

600 

60 

4 X180 

66 

300 

20 

200 

■ 

760 to 
1500 



Frequency Ijuud 


Transmission tmm- 
ot a letfIT 


cycles per sec. 

24 
48 

25 
33 
10 

1 100 
2 000 


serwiil 

o-ir. 

O-lf. 
0-10 
0-08.’) 
0-20 
0-30 
0-04 to 
0-08 


ii'il 

2 ‘5 
2 7 

330 

HO 


reception proved to be so successful as to enable 
telegraph traffic to be carried 
S 3 ^em, The multiplex transmitter had a 

telephone output of 20 kW. Each of the two tele^anh 
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A great number of European and American physicists 
and engineers have shared in the development of com¬ 
munication engineering, so that it is often difficult to 
state the origin of a new idea or an advance on previous 
practice. The author has therefore in general refrained 


from mentioning names in this brief resume of the 
subject. 

In conclusion, he desires to acknowledge his indebted¬ 
ness to Miss E. Boysen for her assistance in translating 
the paper. 


Discussion before The Institution, 7th April, 1932. 


Col. Sir Thomas P. Purves: (After references 
to Dr. Luschen’s personal work in the field of elec¬ 
trical communications.) I am in sympathy with the 
author's desire that the C.C.I. should concentrate its 
attention increasingly upon specifying the electrical 
and magnetic qualities to be aimed at in the construc¬ 
tion of lines in the international network, and should 
more and more leave the actual make-up of the lines 
to be settled by each nation in the way best suited to 
its own local conditions and developed practice. The 
procedure of the C.G.I. is not, however, open to much 
criticism in this respect. When its conferences started, 
many of the less-developed nations were very much in 
the dark as to the best available methods of constructing 
telephone equipment. I think that, in the conditions 
then existing, we did well to lay down specifications in a 
fairly detailed way. I freely admit that some of them 
were, even then, rather too rigid in the matter of ways 
and means, but they did not last long in that form. The 
tendency now is to recast the avis and the specifications 
of the C.C.I. more and more as purely performance 
specifications, and to supplement them by descriptions 
of various alternative systems that have been found 
successful in practice. The 2-band system of telephony, 
the subject of the second portion of the present paper, is 
a notable German development which has attracted 
widespread attention. Applied in the way the author 
describes—^to the formation of up-and-down channels on 
a 2-wire submarine-cable circuit connected at each end 
with long 4-wire land circuits—^it is an extremely pretty 
conception, and it is good to hear that it is meeting with 
great success. The British Post Ofiice method of doing 
the same thing—^by means of a 2- to 4-wire balance 
equipped with automatic stabilizers—also appears to be 
a good one, and it is perhaps even simpler and cheaper 
than the 2-band system for that purpose. I am some¬ 
what intrigued by the author's friendly and familiar use 
of the decibel as a transmission unit. I should like to 
think that it is an indication that the decibel is now 
finding favour in Germany, but I rather fear that it is 
only a graceful compliment on the part of the author in 
the case of a paper written in English for delivery in 
London. 

Mr. A. B. Hart: The paper brings to our notice the 
tremendous advances that have been made in the last 
20 years. It is instructive to compare it with other 
papers written under somewhat similar circumstances 
(a) 20 years ago> and (6) 10 years ago. As regards (ai), we 
may take as a criterion of the state of advancement in 
technical matters a series of papers presented to the 
Budapest Conference of Telegraph Engineers in 1908, 
and the Paris Coi^erence of Telegraph and Telephone 
Engineers in 1910. I suggest as a criterion for (5) a 
document iDearing the title ' ■ Long-Distance Telephony " 


which was prepared by the Reichspost Ministerium, 
Berlin, and presented to the first full meeting of the 
Comite Consultatif International at Paris in 1924. The 
papers of 1910 show that communication engineers were 
at that time chiefly concerned with the development of 
the various systems of operating communication chan¬ 
nels. Transmission engineering had hardly emerged 
from the laboratory stage. The loading coil had just 
appeared; the telephone repeater was still a dream, and 
little mention was made o.f long-distance communication 
as an art. In 1924 it was stated: " For long-distance 
communications between international centres con¬ 
nected by cables, 2-wire circuits may be used if the 
attenuation does not exceed 75 standard miles of cable," 
i.e. talking over a loaded-cable 2-wire circuit is possible 
for a distance of 480 km (300 miles), and: ** For longer 
distances one can in the actual state of technique utilize 
4-wire circuits up to a distance of 1 000 miles." How¬ 
ever, even at that time some telephone engineers had 
begun to foresee such difficulties as echoes and phase 
distortion in the way of satisfactory long-distance cable 
telephony, difficulties which are clearly explained in the 
present paper. Turning to the section which deals with 
the latest developments in communication systems, I 
think that the utilization of 2-band and carrier-current 
systems is of great importance to this country just now. 
Finally, I would express a little disappointment that the 
author makes no mention of television, which is surely 
one of the outstanding modem developments in the 
communication art. 

Mr. H. H. Harrison: Two-band telephony has now 
reached a stage of development when it will require very 
careful investigation. In this connection I would refer 
to an article by Dr. K. O. Schmidt,* of the German Post 
OfSice, in which the comparative costs of 4-wire 2-band 
and 2-wire 2-band telephony for land cables are set out 
at great length. With regard to the combined telegraph 
and telephone systeni on the radio link between Berlin 
and Buenos Aires, I should be glad of further details of 
the method of duplexing. Is transmission one way 
effected on one channel and the other transmission on 
another channel? With regard to signal distortion on 
telegraph circuits employing either a cable or radio link, 
this can be very largely eliniinated by means of re¬ 
generative repeaters. With the introduction of start- 
stop printers on long-distance links, however, we shall 
have to consider the possible signal distortion in the 
apparatus itself. It may be necessary to return to the 
early design of teleprinter in which provision was made 
for orientation of the receiving cams. 

Mr. G. C. Marris: I am particularly interested in 
Figs. 4, 5, and 6, relating to the break-up of a square 

* "On the Possibilities aad Advantages of 2-Band Tekphony over Land 
T^phone T$tsgraphm~und F^rnsprech-Techniky 1932, vol. 21, p. 68. 
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wave into its odd harmonics, as such an analysis is the 
basis of a method we have now had in use for some 
time for the generation of sine waves. When certaia 
difficulties had been overcome it proved an effective 
method of obtaining a large number of pure frequencies 
which were odd multiples of the fundamental. With 
regard to the remark on page 780 that “ non-linearity in 
lines is chieEy due to the amplifier valves and to the 
iron-core coils,** while this is true of the lines it might 
be emphasized that valves are only minor causes of dis¬ 
tortion in the overall transmission, because the best 
commercial microphones introduce far more non-linear 
distortion. Repeater valves commonly produce some 
3 per cent of harmonics at full load, but the full load is 
designed to take care of the peaks in speech wave-form 
It is doubtful whether the distortion represented by 
3 i^r cent of harmonics on such peaks has any effect on | 
articulation; while on normal speech the percentage of 
harmonics is likely to be only about 0*2 per cent, that 
IS, in absolute value, probably below audibility except 
on longest repeatered lines. Table 3 might easHy be 
misinterpreted, since there is an inference that a letter is 
a unit of information. That this is not so is clear when 
one remembers that the communication art does not 
restnct itself to transmitting the alphabet. Thus tele- 
transmits letters in the shortest 
transmits at the 

same time much additional information; some idea of 
thP indmduaJity is conveyed by the tone of 

. It follows, therefore, that k is not a complete 
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years ago, at the C.C.I. meeting at Como, the present 
author stated that the maximum permissible repeater- 
section attenuation—a factor which controls the cost of 
the line—^was dependent on the cross-talk in the cable. 
To-day we are installing cables in which the average 
cross-talk per repeater section is less than 40 millionths 
(88 decibels), and the maximum cross-talk between any 
two circuits in the cable does not exceed 100 millionths 
(80 decibels). This represents a considerable improve¬ 
ment. On page 782 the author refers to the multiple 
utilization of lines by multi-channel voice-frequency 
telegraphs and 2-band telephony, both of which result in 
considerable economy in line plant. I should like to 
point out, however, that the incorporation of many 
channels of communication in one cable necessitates 
special attention to the maintenance of the cable system, 
as the loss of a large number of channels through one 
cable fault would result in complete disorganization of 
traffic. In this connection it would seem that the 
British Post Office have rightly anticipated develop¬ 
ments by installing star-quad cables, in which metallic 
circuits replace the phantom circuits of the older-t3q)e 
multiple-twin cable. In a phantom-loaded cable a low- 
insulation fault immediately puts all the phantom circuits 
out of action, on account of excessive cross-talk: this 
characteristic is not exhibited by star-quad cables. The 
Post Office policy of the more extensive use of 4-wire 
instead of 2-wire circuits also appears to be right, par¬ 
ticularly in view of the possibilities of 2-band telephony. 
A cable fault which would quickly render a 2-wire circuit 
useless, would not put a 4-wire circuit out of operation. 
For example, in a recent case the insulation of a cable 
dropped to 3 000 ohms on account of a fault, but all the 
4-wire circuits—^including some used for broadcasting— 
continued to operate satisfactorily. With regard to 
Figs. 22 and 23, it is difficult to compare the relative 
costs of 4-wire and 2-band systems on account of fluc¬ 
tuations in the market prices of copper and lead. I 
should like to ask the author on what price basis the 
comparisons shown in Figs. 22 and 23 were made. The 
system of simultaneous telephony and telegraphy 
described on pages 785 and 786 is of great importance to 
this country. Whereas only a few years ago we were at 
the extreme end of the European communication 
system, to-day we are becoming the centre of a world 
system. This change not only affects the design of the 
system in this country, but it should also be of inesti¬ 
mable value to all those connected with industry. 

Captain A. C. Timmis: The main application of the 
2-band system is to long coil-loaded submarine cables 
such as those between Germany and Sweden. Some 
time ago I made a rough theoretical comparison, for a 
length of 100 miles, between two types of cable of the 
same size and weight, one containing a large number of 
conductors and using the 2-band system, the other with 
a smaller number of conductors (the same type of cable 
as the Anglo-Dutch referred to by Captain Hines) using 
phantoms, super-phantoms, and carrier circuits. I 
found that, ignoring any question of ease of repair, the 
cost per circuit of the latter t3q)e—giving with the 
carriers a total of 21 channels on the cable—was 20 or 
25 per cent less than that of the former. The advantage 
of the 4-quad cable is due to the S3nnmetrical arrange¬ 


ment, allowing the maximum number of super-phantoms. 
According to the author, another field of application 
for the 2-band system is to form a telephone channel on 
a long single-core submarine cable, such as that already 
referred to, between England and the Channel Islands. 
In this case, however, the frequency range of the cable is 
very limited (in fact, the attenuation rises to 55 decibels 
at 2 000 cycles per sec.) and it would obviously be im¬ 
possible to obtain the range of about 5 500 cycles per 
sec. required for the 2-band system. We have suc¬ 
ceeded in working it as a telephone circuit, however, by 
making very accurate balances and stabilizing the 
4-wire circuit to which it is connected on the mainland. 
The stabilizer is a voice-operated device ; it should not 
be confused with what the author describes as the 
" flip-flap type of apparatus, which alternately switches 
on and ofl in either direction of transmission. The 
stabilizer has the advantage that it never switches ofl 
the amplification completely. 'Wffien no one is talking 
on the circuit the amplification is reduced just suffi¬ 
ciently to prevent the circuit from howling,'' and when 
conversation starts the amplification is automatically 
restored to normal in the direction required. The 
stabilizing system is, however, arranged to operate only 
at the higher frequencies where the ordinary means are 
not sufficient to maintain stability. The middle fre¬ 
quencies of speech are transmitted in the normal way, 
and there is practically no trouble from clipping of the 
initial speech sounds. The overall attenuation of the 
London-Guemsey circuit is 7 decibels, and without any 
stabilization it would have been at least 20 decibels. In 
connection with the application of the 2-band system to 
land cables as well as sea cables, perhaps the author will 
indicate the eflect of impedance irregularities. Any 
serious change of impedance will make a 2-wire circuit 
unworkable, but one of the advantages of the 4-wire 
circuit is that even if one or two loading coils break 
down, thereby completely upsetting the impedance, the 
circuit can still go on working. One would imagine that 
as regards sensitivity to this kind of trouble the .2-band 
system would be intermediate between the 2-wire and 
the 4-wire systems. 

Dr. A. Rosen: There are three classes of submarine 
cables in use for telephony at present—the non-loaded, 
the continuously-loaded, and the coil-loaded t37pes—^and 
these are characterized by the width of the frequency 
band that they transmit. Of the cables which have 
already been laid, those which transmit the widest 
frequency band are found in the non-loaded class, 
whereas the narrowest frequency band is transmitted by 
the coil-loaded cables: continuously-loaded cables 
occupy an intermediate position in this respect. During 
1931 a fourth type of cable was developed which com¬ 
bines the desirable characteristics of the other three 
types. This is an intermittently-loaded cable consisting 
of alternate sections of continuously-loaded and non- 
loaded conductors. The sections are comparatively 
short, so that reflection eflects are avoided, and the 
cable is made up so as to have a uniform diameter along 
its length. This facilitates handling and laying opera¬ 
tions. A cable of this description (see Fig. A) now being 
made to the. order of the British Post Office contains 30 
quads and is shortly to be laid between England and 
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In this case the alternate sections of the 
ioaaed and plain conductor are | nautical mile in length, 
ana the cut-olf frequency of the cable is in the neigh¬ 
bourhood of 30 000 cycles per sec. Over the working 


and the attenuation at 8 500 cycles per s<.-c. is .abour 0 
n6i^rs (52 decibels). Taking 6 nepers as the [uvu tii al 
limit for submarine cables, the band width of this cai.le 
is 8 500 cycles per sec., which makes it \erv .suitable for 
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length of this type of cable the transmission time will be 
only 20 milliseconds, and will be substantially the same 
for all frequencies within the working range. Figs. 22 
and 23 demonstrate the economy of the 2-band as com¬ 
pared with the 4-wire system, and are presumably based 
on coil-loaded cables. Calculations of the relative costs 
of the intermittently-loadedr and coil-loaded t 5 q)es show 
an advantage in favour of the former when maintenance 
is included; this advantage becomes marked when a 
wide frequency range is required, e.g. for carrier worldng. 
Curves corresponding to Figs. 22 and 23, based on the 
intermittent type of loading, would show off the 2-band 
system to even better advantage. 

{Communicated ): Two important factors in the design 
of submarine telephone cables for tidal waters are ease 
of repair and effect of repairs on performance. Repairs 
are more difficult when the number of conductors is 
large; hence it is advantageous to use a cable with a 
wide frequency band which will permit a carrier system 
of the 2-band type to be employed. The number of 
conductors would then be halved as compared with the 
4-wire type, and, furthermore, the conductors would be 
of stouter gauge. During repairs, extra lengths of cable 
are unavoidably inserted, and these disturb the uni¬ 
formity of spacing in coil-loaded cables. This factor 
introduces irregularities into the impedance/frequency 
characteristics and lowers the cut-off frequency. For 
this reason a coil-loaded cable designed for 2-band work¬ 
ing should have a cut-ofiE frequency of about 7 000 
cycles per sec. initially, so as to allow a factor of safety in 
case of repairs. On the other hand, the intermittently- 
loaded cable with an initial cut-off frequency of 30 000 
cycles per sec. has a wide safety margin. A test in 
which one of the loaded sections was entirety omitted at 
a point 4 miles from the measuring end, showed the 
resultant impedance irregularity to be only 6 per cent, 
whilst when the omitted section was 24 miles distant 
the effect was found to be negligible. It should be 
added that precautions have been taken in the design 
to prevent the omission of a whole section during repair. 

Col. A. S. Angwin; The author stresses the economic 
side of multiplex radio telegraphy and telephony, and I 
am not sure that this can be regarded so much in the 
light of a by-product as it at first appears. It is indis¬ 
putable that when a number of channels are used on the 
multiplex system, the power available per channel varies 
inversely as the square of the number of channels. 
Taking the example illustrated in the paper of a 20-kW 
transmitter with 70 per cent modulation on the telephone 
side and 15 per cent for the telegraph channels, the 
power available for each telegraphy channel is only 
of the power of the telephone channel, equivalent to that 
which would, be given by a separate 1-kW telegraph 
transmitter. The possibility of direct interference tones 
is avoided by limiting the upper frequency of the tele¬ 
phone channel to the very low value of 2 400 cycles per 
sec., but a large number of modulation products on a 
wide range of other frequencies can be produced. While 
the system of multiplex described in the paper has many 
interesting features, I suggest that the two factors pf 
limitation of available power and liability to inter- 
modulation effects are economically adverse to the 
application of multiplex to radio telegraphy. 


Mr. R. A. Mack {communicated ): In the second part 
of the paper the author refers to new developments in 
the field of the multiple utilization of lines, and as the 
great technical interest which these new systems excite 
may detract from a proper appreciation of the merits 
of the older systems, particularly as to the possibility of 
obtaining telegraph facilities superposed on telephone 
circuits, I should like to make some reference to these. 
The pole route of 20 pairs of wires mentioned on page 782 
doubtless includes a d.c. telegraph circuit of the com¬ 
posite '' type between each wire and earth. Using 
similar principles, modem telephone-cable circuits can 
yield one d.c. telegraph circuit for each metallic pair in 
the cable, without interference between the various 
telegraph circuits or between these and the telephone 
circuits (the so-called ** metallic composite system''). 
Such additional telegraph facilities are obtained on the 
shorter-range circuits at a comparatively trifling cost. 
When the telephone line has repeaters, these have to be 
equipped with by-passing circuits, so that costs increase 
as the line becomes longer and the number of repeaters 
increases. With the voice-frequency carrier tele^aph 
systems the equipment is wholly at the terminals, and 
thus, the costs being independent of the circuit length, 
the voice-frequency carrier telegraph system can be 
economically justified on both longer medium-range and 
long-range circuits, whereas the economic field of 
metallic composite circuits extends only to circuits of 
medium range. An alternative means of securing addi¬ 
tional telegraph facilities at low cost, particularly where 
paired or star-quad cables are favoured, is by simple 
telegraph phantom circuits, or alternatively by super¬ 
posing telegraph super-phantom circuits on telephone 
phantom circuits, but the number of circuits obtainable 
by such means is considerably less on a given cable than 
are provided by the use of the metallic composite system. 
This system (metallic composite) has hitherto been almost 
entirely neglected by European administrations, although 
in other countries it has been widely applied with striking 
success and economy. There can be little doubt that 
the growing application of teleprinters to the telegraph 
service will cause considerable expansion in the use of 
both the metallic composite and the super-phantom 
systems. There are at present in Europe thousands of 
miles of telephone pairs upon which these potential 
facilities are tying idle. 

Mr. E. S. {communicated) *. I should like to 

draw attention to certain features of tele^aphy which 
may be misunderstood by telephone engineers. Tele¬ 
graphy may be defined as the setting of a piece of metal 
(the armature of a relay situated at the receiving ter- 
ininal) in one of two, or possibly three, positions during 
predetermined time-intervals or portions thereof. The 
interval is known as a " baud,*' and the telegraph speed 
in bauds is the number of these intervals in a second of 
time. In most of the systems in use there are two 
positions for the receiving relay, but in cable morse 
there are three. The different telegraph systems require 
a varying number of signal elements to represent the 
letters of the alphabet (e.g. the Wheatstone morse 
system), or a constant number per letter (e.g. the Baudot 
or other 5-unit codes), or a single timed unit sent at 
irregular multiples of the unit interval (e.g.^ the Hughes 




igggl^ggER N COMMUNICATION SYSTC MS. DISCUSSION, 

sisTtial elemf^-n+c* . f ---—__ 


certain Jther muItiX SJeSf V®-!' 

(e.g. the Wheatstone an/siemin^K^l^ variable speed 

” M > consist spJd*te'y^’2r’- 

«,£ 'ifrs 

position du ring the middieTfio correct 

apparatus will translate flip • sigiial the 

differs froiTtellwia I Telegraphy 

repeaters, interpolate 

uses the letteTffthl jTiT^^ «ie author 

lasiaty. “^S: i?' SS S.e’jLXT "“■■ 

listener is fr^gnSre^Sed ^ 

the author considers telegraph der^^ ^ paper 
positions and operated hn- devices having two 

the second pS he ISti^f ^plitude. and in : 
change of fSouencv system operated by ] 

amplftude'.^^e^elsafar^Tr^^^*'^? ^ 

ing upon change of nbac P^sible system, depend- i 
• PoWn s& b^'cel^f 2“ ' 

carrier current is sent to a distant oSnt^ system a c 

it may be suppressed anr?/p -i. P°™i-' ior signalling 4 

frequency at the receiving end A-nrai?!^^ c 

vdU respond both to a chfrS in o 

Sion of the carrier ^ ®"PP^ss- a' 

Does it take twice as long'to\stSu^^f^®! P’ 

condition when reversing &e ^ steady-state ti 

press the carrier to ^ lo 

tude distortion ? It would be iti+p ampli- fr, 

frequency of the current and ttil toe m 

filter referred to in ml T fl ^'^to of the co 
that It takes approximately 8 cycles to 

current. Is the band widii onTStLt "P toe ca 

^uency? In Table 2, should the^n^- toe carrier rer 

have been expressed as a fraction Tth 'voltage not sac 

received voltage ? Is it to be of the maximum cia 

«»>PMTOptvithlt£.£ fa aitrt- to, 

With a time-delay betw^n zero Sn ° ^^smit 24 cycles " ti 
per sec. of 20 milliseconds, in ordVt^ ^<1.24 cycles mo: 
reproduction? If so, how is irSaf ° P^^ect I reir 

c^er telegraphy using 120-cvdr£,ri ^ ®?^tom of the 
about 45 cycles per sec fail aJd of 

operating speed is limited to abouj g ^ 

P®r sec., on i 


^ ?c IStelo «"■ “ 1 '’ ?“• ‘ 

OS), My reason for mentioning tWc “®toad of 5-4. 

' » Sion lha, i, i.££rri££l*°.r’“"'v"“' 

ate in cycles equal to the ^ '^‘Ito 

lug I whereas in practice a conride ^^’P^ ®P®®ff lu bauds, 
oot sary. On 779 “^^^ly wider band is neces- 

tfi® gr4h circuriln binds f, ^ tele- 

•iiy building-up time in «;ppn inverse of the 

ite I having in mind the type of os ^fi strictly accurate, 
sis andaIothefittoa^ost^"2'^°“®^°""to 10, 
he will take some distorrig ^ telegraph apparatus 
ad these two favors . ? detriment? Do 

Id abbreviation “dc ’'TsuaJ^’'*^ telegraphy the 
'd current,” whereas in+hf>^s ^^4. tor "double- 

ig I to mean ” direct current.” ** Presumably intended 

1- lig?% ®^^®“tage of 

-f and the consequent transnussion time, 

h is indicated in the paper A ff^®®®‘tostortion troubles, 

o owing to the smaUer^ indurtS^ S ^ 

s used, the non-linear f “ the loadmg coils 

" the coils is considerably redicid “1 the hj^teresis of 

I I coils in the nhase rnTr^rs+‘ ’ . inductance 

^ rise to an adS^oSTo?.? give 

f by inserting the networks a?iSn?T°“' ^^though 
> mission level is low +>,« P°“ts where the trans- . 

‘ I very small The t> •* • 1 ®^®®t can probably be kept 

; free from atmosScTt?2e^ 

was applied by the BririsV, p toovm m Fig. 25 

to a voice-frequency system tew years ago 

circuits, and was foL7?^ for signalling over trunk 
op».tio« by ^ Sf T»?“ f™» ftJs» 

450 and 650 cycles pef^Sr ^temate signal pulses of 

a relay armatSe S Srite ar^e 

circuit. These vibrationfwL jTT^Tf ? 

operation of an auxiliary rela? Th!? ? toe 

abandoned as being n^e -i uiethod was later 
purpose in view ItisTTt^* comphcated for the 
the constaljT for tllT “°to that in Table 3 

lower IhST of / T ts 160 times the 

from the fa^t "P^t 

means for conveying ideas 7 s thl+Ti T* ®®®tont 
conveys naturalnSs,Tne ^d oto? ®P®®^ 

reduce the frequencv possible to 

the information given later in 


on^cge???^ discussion will be found 


_ T. E. Herbrn^^e 5 th April. 1932. 

op- wires on a pole line which is g | ^S^e^ tele^ ckcuit. 

epnone and 80 telegraph circuits as stated by 



LtJSCHEN: MODERN COMMUNICATION SYSTEMS: DISCUSSION. 


793 


the author. The latter number of circuits is given by 
the later arrangement, where phantoms are not em¬ 
ployed and a slightly different spacing between the 
insulators is used. I do not think that carrier circuits 
on aerial lines are likely to be of any particular value in 
Great Britain, except in case of emergency. The Post 
Office Research Department has designed a single¬ 
channel carrier system, operated from a.c. supply mains, 
which is capable of establishing a zero circuit for any 
aerial line whose attenuation is less than 30 decibels at 
9 kilocycles per sec. The system employs a common 
carrier frequency for the two directions of transmission, 
and transmits the upper side-band in one direction and 
the lower side-band in the other. The apparatus re¬ 
quired is quite simple, small, and compact. It can be 
fitted on a rack or alternatively it can be made up in 
box form. Sub-audio telegraphy has also been used in 
some cases, particularly on the Channel Islands cable. 
I should like to ask the author what is the allocation of 
costs in the case where a pair of wires is used for several 
purposes. For example, if a pair of wires provides a 
telephone speech channel and a telegraph channel, how 
are the costs allocated between the two services? Is 
half the cost charged to each service, or is the cost 
allocated in the proportion of the band frequency which 
each service uses? When an alternating current is 
applied via a filter, what is the difference between the 
effect of applying the voltage at the zero point of the 
cycle and at some other point? A great many years 
ago a telegraph known as a sychronograph’*' was 
devised in which an alternating current was employed 
and signalling was carried out by cutting ofi the top or 
the bottom half-waves. The speed of transmission 
obtainable by that system was three times that of the 
Wheatstone method. Hence I should be glad to know 
whether an improvement in building-up times could 
be achieved by some form of apparatus where the 
contact is made to the filter at the moment when the 
wave is passing through zero. There seems to be a 
big future for the thermionic-valve form of relay which 
has recently been devised by Mr. G. T. Evans, of 
the Post Office Engineering Department. In many 
cases trouble is caused in telegraph signalling as a 
result of the defects of the ordinary mechanical relay. 
Finally, I should like to refer to the difficulty of solving 
communication problems by considering transient con¬ 
ditions. For example, the problem of the loading 
necessary on a double-phantom telegraph circuit is 
intractable when attacked by the method of transients, 
but when it is tackled by classical alternating-current 
theory a solution is arrived at which can be proved to 
be correct by practical tests. 

Mr. T. B. Terroni: Fig. 3 is interesting in that it 
shows that the breaking of a 126-cycle pulse dies away 
in oscillations of 43 cycles per sec., which is the lower 
border frequency for this circuit. It would be interest¬ 
ing to have some simple physical interpretation of the 
die-away frequency, as it appears that the energy stored 
in the circuit is constrained to dissipate itself at that 
frequency in the pass range of the circuit which offers the 
least impedance. Many experiments have been carried 
out with a view to determining the effect of noise in long 
telephone circuits, on the articulation of the telephone 


circuit: have any similar experiments been performed 
to determine the effects of different delay/frequency 
characteristics upon the articulation of the circuit? 
These effects would appear to determine the necessity 
for phase compensation in marginal cases. 

Mr. W. Jackson: I should like to make an addition 
to the first portion of the paper by introducing two 
terms which are employed to express the complete dis¬ 
tortion experienced by a signal following its sudden 
application to a communication circuit, namely the 
" transient distortion and the frequency distortion.*' 
The use of two different names to express the same 
change in wave-form of the signal arises from the existence 
of two different mathematical methods of treating the 
problem—^the transient method and the steady-state 
method. When it is possible to obtain a solution which 
takes into account all the circuit characteristics, the* 
transient method provides at once a complete statement 
of the building-up process of current under suddenly- 
applied driving e.m.f.'s, and therefore a complete state¬ 
ment of the signal distortion. When derived in this 
manner the distortion is referred to as the transient 
distortion. It is difficult to take exact account of the 
variable characteristics of practical line circuits by this 
method, and in fact to deal with other than ideal cases, 
but the transient solution of such cases is invaluable in 
providing a basis for practical deduction. The solution 
of the transient problem of an ideal loaded submarine 
telegraph cable, for example, is of great value in giving a 
physical picture of how inductive loading aids the high¬ 
speed transmission of signals. Steady-state analysis, on 
the other hand, deals with continuing conditions, and 
regards suddenly-applied signals as an infinite succession 
of sustained sinusoidal components. These can be 
considered individually by well-known methods, given a 
knowledge of the admittance/frequency characteristics 
of the transmission system over the entire frequency 
spectrum, and, in the complete analysis, they give the 
same statement of the signal distortion as that provided 
by the transient method, subject to the same conditions 
of analysis. This statement is frequently referred to as 
the frequency distortion, and is given in component 
parts as the amplitude or attenuation distortion and the 
phase or delay distortion. If this method is adopted no 
difficulty arises in taking account of the variable loss/fre¬ 
quency characteristics of practical circuits in the Ixans- 
mission band, or of non-linear distortions. Which of the 
two methods is adopted depends on the object to be 
secured. The former, when it can be applied, gives much 
more readily and concisely a complete statement of the 
distortion and leads to results which fit in better with the 
naethod of measuring information developed by Hartley.* 
On the grounds of simplicity, however, the latter pos¬ 
sesses undoubted advantages from the point of view of 
the practical communication engineer. If the attenua¬ 
tion and delay of a system are equalized over the entire 
frequency spectrum, the building-up time of a suddenly- 
applied signal must be zero and no transient distortion 
can arise. In practice, however, this does not occur, 
and in fact for many applications the transmission is 
purposely limited to a finite band of frequencies. If, for 
example, a band filter is introduced into an otherwise 

♦ Bell System Technical Jpurnalf 1928, vol. 7, p, 636. 
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distortionless system, the modified forms of the attenua¬ 
tion/frequency and phase (or delay)/frequency charac¬ 
teristics of the entire system must show themselves as a 
transient distortion on the sudden application of a 
signal. I mention this because consideration of the 
oscillogram of Fig. 2 seems liable to give the impression 
that the transient distortion of which the oscillogram is 
a record is due entirely to amplitude distortion, whereas 
variations of the delay characteristic over the trans¬ 
mission band, and particularly in the region of the 
cut-ofis, also play an important part. In fact, the 
elongation effect which would have been evident had 
the end of the si^al also been shown is due primarily 
to delay distortion. This elongation effect is well 
brought out in Fig. 12. In connection with these 
osciiiogr?*ms, it should have been mentioned that the 
^eater distortion with the 2 000-cycle wave is probably 
due to the fact that the delay characteristic is rhanpri^ig 
more rapidly in this region than in the region of 1 000 
cycles per sec. In connection with the simple law stated 
on page 777 to the effect that the building-up or transient 
time is equal to the inverse of the band width, it should 
be appreciated that this is only approximate, since the 
mstant at which the building-up process ends and the 
current reaches its steady value does not admit of 
precise definition. The appearance in current Hterature 
^ ^\o fonns (a and (fi +ya) for the propagation 
of elecS ^^^ ^mewhat misleading to students 
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introduced into main overhead lines will produce very 
serious reflection losses unless some special steps are 
taken to overcome this difficulty. Tests at frequencies 
of from 20 to 100 kilocycles per sec. have been made 
at the Post Office Research Station on a 100-yard length 
of special cable manufactured by Messrs. Siemens Bros. 
At 70 kilocycles per sec. the characteristic impedance 
was 574*9, \3® 16', the attenuation constant 1*194 
ndpers per mile and the phase-constant 14*41 radians per 
mile. If we can get short cables to transmit frequencies up 
to 70 kilocycles per sec., the reflection difficulty will prob¬ 
ably be considerably reduced. In the earlier days of manu¬ 
ally-operated telegraphic systems phase distortion was 
perhaps not so important as it is under modem high-speed 
conditions. With the advance of machine printing systems 
requiring a synchronous relationship and in which the 
essential point is that the signal impulse must be applied 
in correct phase, phase distortion enters considerably 
into the problem. The author’s practical demonstrations 
of distortion have shown how important this question is. 

Mr. R. H. Hunt: It would appear that the develop¬ 
ment of carrier telephony and telegraphy has gone on 
rather more rapidly in Germany and the U.S.A. than in 
this country. So far as Germany is concerned I believe 
this is due to the fact that her cable system was rapidly 
reconstructed about 14 years ago, when it was clear that 
considerable time would be saved by applying carrier 
working rather than superposed circuits. In the U.S.A., 
owing to the length of the lines over which messages 
are transmitted, and also because of the private-wire 
telegraphs which are very widely rented, the carrier 
system proved very successful. In this country, on the 
other hand, we had a fairly extensive and efficient under¬ 
ground telegraph system working chiefly on the Baudot 
multiplex plan, and the need for a carrier system was not 
quite so urgent about the time of its inception in Ger¬ 
many and the U.S.A. Now that the demand for private- 
wire telegraphs is arising in this country, there is likely 
to be a great extension of the carrier system on the 
telegraphs carried in local-line cables. That part of the 
paper which deals with American overhead practice is 
especially interesting. I understand that the Americans 
use the transposition method of avoiding interference 
between pairs and open lines, whereas in this country 
many circuits are run on the symmetrical-twist system, 
which is likely to cause a considerable amount of cross¬ 
talk between,pairs or sets of wires carrying the same 
frequency. Presumably, allowing for the carrying of as 
many as 80 telegraph and 70 telephone circuits, there 
would be some circuits which would work on the same 
frequency, although they might be rather far apart 
on the arms of the group. Even when the lines are 
transposed at comparatively long intervals cross-talk 
still occurs, and at certain frequencies it may be suffi¬ 
ciently severe to cause appreciable absorption of energy. 
The cure, of course, is more frequent and accurate 
transposition, but the linait to this is set by the length of 


individual spans. It would not pay to shorten the 
length of the span for the sake of reducing cross-talk. 
High-frequency disturbance from radio stations may 
perhaps cause trouble, but I understand that low- 
frequency harmonics from power wires do not affect the 
carrier circuits. As regards cable construction, the 
high-resistance skin ” effect of high-frequency currents 
will probably lead to the use of stranded conductors in 
telephone cables, which would require a considerable 
alteration in jointing technique and in the manufacture 
of the cables. It is rather significant that Graham 
Bell discovered the telephone when he was working on 
a system of harmonic telegraphs which, I believe, was 
inaugurated by Mercadier. It is appropriate that the 
work of the two men should be associated with such 
success by the author and his colleagues. 

Mr. W. Stretch: With regard to the instantaneous 
change shown in Fig. 8, I do not follow the author when 
he says that the amplitude spectrum has become a con¬ 
tinuous spectrum. Consider the square-topped wave; 
however long the period is made, the curve can still be 
represented by a series of sine or cosine terms, the fre¬ 
quencies of the components all being integral multiples 
of the fundamental frequency. While it is true that as 
the period is made longer the frequencies shown in Fig. 6 
lie closer together, even for the longest periods one 
would still expect to have only the odd integral terms of 
the series. Fourier develops the series for the instan¬ 
taneous change by considering a finite period of time 
which includes the moment of the change. He states 
that to consider a period equal to infinity leads to an 
incorrect result. The transient curve shown in Fig. 10 
could, in fact, have been obtained by taking the first 
three terms of the series. I should be glad if the author 
would clear up this point in his reply. In connection 
with Fig. 24, I notice that—assuming the suppression of 
one side-band—a radio-frequency channel of 6 650 cycles 
per sec. is occupied in the simultaneous transmission of 
speech and telegraph signals. The frequency bands 
actually utilized, however, only amount to some 2 200 
cycles per sec.; i.e, less than half the channel. The 
reason given is that by this means the speech channel 
is kept clear of interference caused by the telegraph 
frequencies. I take it that such interference would be 
caused by non-linear distortion arising in the appa¬ 
ratus. If so, would it not be desirable to avoid non¬ 
linear distortion in the apparatus and thereby to conserve 
the available wavelengths ? It is interesting to note that 
the system described uses two methods of modulation, 
namely amplitude modulation for speech, and frequency 
modulation for telegraph signals. The author makes no 
mention of frequency modulation for the transmission of 
speech: I understand that the frequency-modulation 
method requires a much narrower wavelength band than 
the amplitude-modulation method. Has he any infor¬ 
mation as to recent progress in the frequency-modulation 
method for the tr^smissipn of speech by radio ? 


The Author's Reply to the London and Manchester Discussions. 

Dr.F.Ltischen(my^^i!y): In dealing with the numerous adopted in the paper. My replies to the questions 
points raised in the discussions it seems to me to be raised by various speakers will therefore be grouped 
advisable to make use of a classification similar to that under three main headings. 
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(1} Two-Band Systems. 

The 2'band system has ever3nvhere aroused great 
interest, and for British communication engineers its 
chief attraction naturally centres round the question 
%vbether the system would be of advantage for the 
submarine cables terminating in their own country. 
Generally speaking, normal 2-wire submarine cables 
differ fundamentally from 4-wire and 2-band submarine 
cables as regards permissible maximum attenuation; in 
cables containing several speaking circuits this quantity 
is about 15 to 25 decibels for 2-wire, and about 80 decibels 
for 4-wire and 2-band systems. A high attenuation means 
a saving in copper; on the other hand, for mechanical 
reasons the conductor gauge should not be made less 
than 1 mm. The permissible attenuation of 80 deci¬ 
bels for 4-wire and 2-band systems therefore renders 


equivalent to a 4-wire circuit, and even im|xjdance 
variations of considerable magnitude do not prejudice 
stability and operation. A 2“-band cable therefore 
differs essentially from a 2-wire cable, where each 
serious variation of impedance may put the line out of 
service. 

Captain Hines and Captain Timmis mention, in addi¬ 
tion, the multiple utilization of a continuously-loaded 
cable between England and Holland. The method of 
obtaining 16 2-wire circuits by means of 4 continuously- 
loaded quads, repeatedly phantomized, and linally 
superimposing a carrier telephone circuit on each of the 
4 quads, is very interesting. Where 2-wire circuits iire 
permissible and repeated phantomizing can be ado]>ted 
without giving rise to cross-talk, such a system doid>l- 
less offers economic advantages—even for greater cable 
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channel decreases as the square of the number of channels, 
and that considerable coupling is likely to occur in the 
transmitters owing to inter-channel interference. These 
circumstances greatly limit the possibility of multi¬ 
plexing transmitters. In the case under consideration 
(Berlin-Buenos Aires), however, only one transmitter 
was available which handled the entire telegraph service, 
and, at certain hours, the telephone service also; hence 
interruption of the transmission of telegraphic mes¬ 
sages was not permissible. In this case the multiplex 
system has proved very successful. It was first intended 
to provide for two independent telegraph channels 
(2 700 to 2 800 and 5 550 to 5 650 cycles per sec.) in 
addition to the speech band: but in the course of the 
tests it was found to be better to operate the second 
channel at 5 400 to 5 600 cycles per sec., i.e. harmonically 
with respect to the first, and to combine the two to 
form only one telegraph channel. This frequency allo¬ 
cation proved extremely insensitive to the fading of the 
carrier wave. The fact that this multiplex channel 
with an output of 80 watts per channel yielded better 



Fig. D.—^Relative costs of continuously-loaded submarine 
cables. 


{a) 4 quads, repeatedly-phantomized; 14 2-wire and 4 carrier circuits, 
20 decibels. . 

{&) 6 quads, noii-phantomized; 12 2-band and 6 earner circuits, 80 decibels. 


results than did an ordinary 20-kW telegraph trans¬ 
mitter, means that the usual telegraphic methods might 
still be improved. The technical superiority of the 
multiplex telegraph channel can be ascribed to the 
following features:— 

{a) Voice-frequency modulation permits of using, at 
the receiving end, selective low-pass filters, by means 
of which the signal/noise ratio can be given a favourable 
value. 

(6) The use of two closely adjacent frequencies for 
marks and spaces has the advantage that disturbances 
affecting both frequencies neutralize one another, owing 
to the differential action of the receiving relay. 

{c) A low-frequency receiving current which emanates 
either from the mark or from the space is permanently 
present at the receiver, and this can be used as a very 
rapid automatic fading control, principally for dealing 
with selective fading. 

(d) The combination of such a double-current channel 
with another harmonic double-current channel practi¬ 
cally eliminates the effect of carrier-wave fading. 

The application of these principles to the transmission 
of one telegraphic message from a telegraph trans¬ 
mitter will considerably increase the reliability of com¬ 
munication. The results of experiments in this direction 


justify the assumption that these principles will enable 
printing telegraph apparatus to be introduced into 
wireless telegraphy. 

(3) Fundamental Transmission Problems. 

The “steady-state'* method is used in the paper 
for dealing with transient phenomena in transmission 
systems, and it is therefore interesting to have Mr. W. 
Jackson’s assurance that these problems can also be 
solved by the “transient” method. Both methods 
lead, of course, to the same result, and the choice of 
one or other depends only upon their relative suitability 
in the particular case under consideration. In simple 
cases, as, for instance, the charging of a condenser 
through a resistance, the transient method is the more 
efficient. In problems dealing with the transmission 
of a.c. signals over complicated systems, such as long 
trunk cable circuits, the steady-state method is prefer¬ 
able. The advantage of this method is that it does not 
demand a knowledge of the details of the system. It is 
only necessary to know the attenuation/frequency and 
phase/frequency characteristics for given terminal con¬ 
ditions, and these can be obtained either by calculation 
or by means of a.c. measurements. The steady-state 
method has the advantage that it enables one to establish 
the condition of distortionless transmission 

a = Ui j8 = 6t)^Q 

for any given system. The fundamental criterion for 
the design of electrical transmission systems, i.e. that 
they should transmit all frequencies equally well and 
should enable the phase to increase in a linear way with 
frequency, is a deduction from this condition. In addi¬ 
tion, two simple rules may be arrived at for the cases 
where:— 

[a) The frequency band is restricted to a definite 
range (without appreciable phase distortion). 

[h) The phase does not vary in a linear way with 
frequency (without appreciable amplitude distortion). 

The rule for case [a), which chiefly refers to the transient 
phenomenon of an a.c. signal within a narrow band-pass 
filter, is 

(Band width) x (Building-up period) = 1 

For case (6), which chiefly refers to the transient pheno¬ 
menon of an a.c. signal due to phase distortion in long 
telephone cable circuits, the rule is 

Building-up period 

= (Signal-frequency delay) (Minimum delay) 

Mr. W. Jackson is of the opinion that the charac¬ 
teristic of the dying-out phenomenon shown in Fig. 2 
differs from that of the building-up phenomenon, and 
that phase distortion plays an important part in this 
connection. This is liot the case, for the dying-out 
phenomenon may be regarded as the building-up 
phenomenon of another signal of the same amplitude 
and frequency which is added to the first signal with 
reversed phase. To obtain the dying-out phenomenon, 
it is therefore only necessary to subtract the building-up 
value from the steady-state value. With narrow band- 
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^filters such as are used in a.c. telegraphy the building-up 
and dying-out phenomena are, in fact, almost invariably 
determined only by the width of the pass band, although 
it is conceivable that in some cases phase distortion 
play^s an important part within the pass band. 

Ihis is also a reply to the question raised by Mr. 
Ritter as to what building-up phenomena are to be 
expected in a telegraphic method involving phase 
reversal of the transmitted signal and compensation of 
one phase by a local generator at the receiving end. 
In this telegraphic method we have exactly the same 
building-up periods as are obtained when the input 
\oltc4ge is cut in and out. Amplitude modulation and 
phase modulation are thus entirely equivalent with 
respect to the required band width and keying speed. 
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opinion that the long'er building-up period of th.- ;i.c. 
signal of 2 000 cycles per sec. as compared witli li)?' 
signal of 1 000 cycles per sec., is due to a. more rafuM 
variation of the delay characteristic. ,Hc eviilexiily ha.< 
in mind Carson’s work* on this subject: when a])p]i<*ti 
to coil-loaded circuits, however, this giv*es re.sidts \vhi<.}) 
are contrary to experience. Both tlie signals na onled 
in Fig. 12 begin after* 86 niillisccoiids, i.e. alfer Hu.* 
minimum delay inherent in the line. Tlie tltday for 
1 000 cycles per sec. is 00 milliseconds, and for 2 (uio 
cycles per sec. 104 milli.seconds; the corresponding 
building-up periods are 4 and IS milliseconds resr^u - 
tively. 

Turning to Fig. 3, Mr. Terroni asks for an exidaiialinn 
of the fact that the a.c. signal of 125 cycles per sm*. 
dies out in oscillations of 43 cycles per S(‘c. dlus 
phenomenon is not due to phase clistortion; it may l,e 
deduced by the steady-state method from the presenre 
of a lower border frequency of 43 cycles per st?c, f 
^ Mr. Stretch doubts wliether the voltage steq^ .shown 
m Fig 8 has a continuous spectrum. As is well known, 
the voltage step can be represented by 


2 ^7T 


sin coi 


TOth ^ to Ej. 12, Mr. W. 


is of the 


A feature of this function is that it vanishc.s i,.r 
neptive vMues of i, and has the value -F 1 for porsitiv,- 

mathematical cxpiv.ssiun 

""a accordinglv 

contains a d.c. component (1) and an infinite nuniher^if 

fSieSTol [mn<o)]cfco ot any «H-en 

specS "" spectrum is called a " contitmous 

Mr. Stretch is furthermore of the opinion that frt- 
^ency modulation requires, in principle, a nam.w.-r 
frequra^ band than does amplitude modulation The 

a Lv.fa! 
produces, in addition 
as the lWrJn*^° having the .same w-idth 

3iSoi£T“‘^y transmi.s-.sion 

Theminimum o* to transmit one side-band. 

siStemT+r taand width in a high-frequency 

the low-frequracy'^JiSeS 

' freauenrv i y®tem. Tins theorem holds g<K)d for 
bands. These howeve produces two side- 

those prodmS «Hme phase .as 

transmitting anri ^ niodulatjon, and for both 

made of one side-band only be 

range must in such nU transmi.s.sion 

Of one s?de W exSf T" 

method of ampUtude modulation. side-band 

Circuits,” TeUg^ap'iien-wid‘ 
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A PRACTICAL INVESTIGATION INTO THE DESIGN OF BRUSHES 

AND BRUSH HOLDERS.* 

By P. Hunter-Brown and C. J. Hews, Associate Members. 

[Papev VBceived \Zth April, 1932.) 


Summary. 

A systematic investigation with the aid of an oscillograph 
into the behaviour of brushes running on a short-circuited 
commutator is described. Each brush was divided into two 
or more parts insulated from each other so that the distribu¬ 
tion of current across the face of the brush could be examined. 
The difficult problem of reversible running received special 
consideration. The commutator contained a slightly high 
bar and two flats in order to determine the relative merits of 
different brush and brush-holder arrangements on an imper¬ 
fect commutator. A distinction is drawn between the effect 
of ** sudden ” irregularities as exhibited by high bars, and of 
a gradual*’ irregularity such as eccentricity of the commu¬ 
tator. The advantages of using a pressure finger of high 
inertia and the importance of low inertia in the brush itself 
are demonstrated. Finally, suggestions are made concerning 
the lines along which further investigation should proceed. 


Introduction. 

A good deal has been written from time to time about 
brush holders from a purely theoretical point of view, 
usually without taking into account such points as the 
influence of friction in the holder, inertia of the brush, 
and the elasticity of the brush and holder. Little, if any, 
information, the authors believe, has been published 
concerning the relative merits of different forms of 
brushes and brush holders as determined by observations 
under operating conditions. The precise performance is 
too complicated to permit of accurate prediction by theo¬ 
retical considerations. 

The paucity of information is no doubt responsible 
to some extent for the diversity of practice with regard 
to the typQ of holder employed by machine constructors. 

The first part of the* investigation described in this 
paper was directed to examining the contact between 
brush and commutator and to determining the distribu¬ 
tion of current across the face of a brush as influenced 
by purely mechanical conditions apart from commuta¬ 
tion. The method adopted was to divide the brush 
into two portions circumferentially, insulated from 
each other and from the brush box but rigidly stuck 
together to act as a single unit. By means of an oscillo¬ 
graph the current in each half was then determined. 
At a later stage a brush built up similarly but consisting 
of four parts was used. 

Test Apparatus. 

The plant consists of a short-circuited commutator 
built up on a shaft which is run in ball bearings and is 

* The Papers Committee invite written communications, for consHeration 
with a view to publication, on papers published in the without being 

read at a meeting. Communications (except those from abroad) should reach 
the Secretary of the Institution hot later than one month after publication of 
the paper to which they relate. 


driven by a variable-speed motor through a flexible 
coupling. The rocker has four spindles and is mounted 
on ball bearings so that the frictional force can be 
directly measured by a spring balance. Apart from this 
special feature the plant is devoid of refinements such as 
could not be expected in ordinary well-built modem 
commercial plant. 

The design details are as follows:— 

Commutator diameter:—10 in. 

No. of segments:—100. 

Pitch of segments:—0-314 in. Mica recessed. 

Speed:—1 700/3 700 r.p.m. (= 4 450/9 700 ft. per min.). 
Brush holders:—^As illustrated in Fig. 1. 

Brushes:—^As illustrated in Fig. 2. Section throughout 
1 in. X I in. 

Quality of brush:—The grade used, throughout was 
electrographitic such as is usually employed on 
modem high-speed commutating machines. 

In order to imitate conditions that are often met in 
commercial practice segment No. 1 was raised approxi¬ 
mately 0-0005 in. to give a high bar. Nos. 52 and 63 
were rubbed down approximately 0-0005 in. to give a 
flat, and Nos. 72 to 75 were similarly treated. 

Test Procedure. 

Test Circuit ,—^The test bmshes were mounted in line 
circumferentially on one track of the commutator, and 
the return circuit was made through four highly metallic 
brushes in parallel, mounted on a different track, one 
on each spindle. Tests showed that these had a very 
low and uniform contact resistance, thus exerting a 
negligible influence on the observations. : 

The source of supply was limited to three cells of 
large capacity, so that when voltage tests were made 
the oscillograph could record the full voltage when the 
circuit was interrupted. The inductance of the circuit 
was kept low so as to ensure rapid growth and collapse 
of the current in the brush as a whole or any part thereof . 
The diagram of connections is shown in Fig. 3. 

Duration :of Tests:—^ in progress con¬ 

tinuously for about liine months. In certain cases the 
bhject was to note the immediate effect of a change in 
conditioiis. Apart to this, whenever a change was 
made in the conditions the plant was kept running con¬ 
tinuously for sOverar days and no plates were exposed 
until observation of the oscillograph screen showed that 
.stability had been reached. This was confirmed by the 
fact that a brush could be removed from its holder, then 
replaced, and the results repeated. 

M^^^ 0 (l.---The procedu three t^es of 

brushes simultaneously during the bedding period and 
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then to disconnect two whilst observations were made 
on the remaining brush. This ensured that the commu¬ 
tator conditions were identical for all three. 


Brush Settings. 

The distribution of current in the two halves of each 
of the three brushes referred to in Table 1, together with 





■-- Ck) (m) 01) CP) 

Fig. 2.—Designs of brushes uSed. 


Brush pressure:—lb. persq.in. of brush cross-section. 
Current:—“36 amps. (= 47 amps, per sq. in. with one 
test brush in circuit). 

Speed:-—2 300 r.p.m. (= 6 020 ft. per mm.) except where 
. otherwise stated. 


the corresponding contact-drop between brush and 
commutator, is shown in Figs. 4 to 6. 

Referring to the oscillograms it will be noticed how 
closely the curves shown in Figs. 4 to 6 repeat themselves 
each revolution, that is to say, the brush movements 
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synchronize with the rotation of the commutator. 
Each disturbance can be definitely associated with a 
particular commutator irregularity. With the excep¬ 
tion of the special radial brush (Fig. 2c) the natural 
oscillation period of the brush in its holder plays but a 
very small part. 



Fig. 3.—^Test circuit. 


Radial Initial tests were made with an 

ordinary radial brush having a square top in a holder 
such as Fig. 1(a). The brush was first bedded so as to 
cause it to lie diagonally in the box (Fig. 2 a) and later 
wholly against the leaving face of the box (Fig. 26) in 
an endeavour to obtain stable results which could be 


repeated at wiU. Both attempts, however, were wholly 
unsuccessful and after several weeks of persistent effort 
were abandoned. A specially shaped radial brush was 
then prepared which had a rib projecting slightly all 


Table 1. 


Brush 


Holder, 

Fig. No. 

Oscillogram, 
Fig. No. 

Description 

Fig. No. 

Radial, with square top 
and projecting rib 

2(c) 

1 (a) 

4 

Trailing 15°, 6° top 
bevel, diagonal in 
holder 

2(g) 

1(a) 

5 

Reaction 32°, 15° top 
bevel, brush against 
entering side of box 

2(A) 

MS') 

6 


round to bear against the bottom edge ot the brush box, 
the object being to ensure that the brush was not con¬ 
strained by the box near the top but was free to take up 
its own setting on the commutator. This effected a 
great improvement and rendered practicable a compari¬ 
son with the trailing and reaction brushes. It will be 








HUNTER-BROWN AND HEWS: A PRACTICAL INVESTIGATION INTO 


noticed that there is distinct uniformity in the time 
period of the osciUations (Fig. 4) and that the latter are 
of considerable amplitude. Their frequency is such that 
they cannot be associated with any commutator irregu¬ 
larity and must therefore be attributed to the natural 
frequency of the combined brush and holder. This 
brush, it will be remembered, is resting against the 
bottom edge of the box only and is therefore subjected 
to a minimum amount of damping. 

At the high bar the brush leaves the commutator 
completely for about three segments. The leaving edge 
then touches the commutator and bounces off, the 


side at the bottom and the entering side at the top. It 
will be noticed that when the brush passes the high 
bar the total current is broken for a shorter time than 
with the radial brush, viz. for about 2 segments. There 
is no repeat jump, the oscillations are much less violent 
and are nearly damped out before the flat is reached. 
The steadier running is reflected in the voltage curve* 
which becomes steady long before the first flat is reached! 
At the flats also there is less disturbance and the oscilla¬ 
tions quickly die down. The performance is distinctly 
superior to that given by the radial brush. 

Subsequently comparative tests were made with a 
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As mentioned under the heading of Reversible 
Running/’ an experiment was made with the bottom 
bevel reduced to 20° (Fig. 2p), but the behaviour was very 
unstable in the reaction direction. 

Radial versus Trailing .—^The results of these three 
tests suggested that a further test should be made to 
demonstrate that the inferior performance of the radial 
brush was due purely to the fact that it was mounted 
radially, and not to some other feature. The contact 
surface was therefore bevelled slightly to make the brush 
run 5° trailing, the top being left square and the rib 
undisturbed, "xhe holder was titled correspondingly. 


brush was tried. The brush used was as shown in 
Fig. 2 {h), the holder similar to that in Fig. l{a), and the 
results are shown in the oscillogram of Fig. 8. 

Comparison of Fig. 8 with Fig. 6 shows an improve¬ 
ment due to the bevel. The disturbance is less and of 
shorter duration; the oscillations axe less violent and 
are quickly damped out. The voltage curve also is 
smoother. In passing, it may be mentioned that with 
this arrangement of bevels, which causes the brush to 
bear against the leaving side of the box both at the top 
and at the bottom, the box should be relatively deep 
and it is necessary to make the angle of the top bevel 




Fil 6.—Contact-drop and current in each half of 32° reaction brush against entering side of holder. 


The precaution was taken to leave the reaction brush 
undisturbed in order to prove that the commutator 
condition remained unchanged. The brush used was 
as shown in Fig. 2(5), the holder in Fig. l{a), and the 
results are shown in the oscillogram of Fig. 7. 

Comparison of Fig. 7 with Fig. 4 shows that a great 
improvement has been effected by altering the radial 
brush to 5° trailing. The disturbance at the high bar 
and flats is of much shorter duration and much less 
violent, vrhilst the voltage over the smooth part of the 
commutator is very uniform. V 

Influence OF Top Bevel. 

Trailing BmsA.^-Concurrently with the above test, the 
effect Of reversing- .idie top bevel on the 15° trailing 


considerable, otherwise the side component of pressure 
will prove insufflcient to hold the brush against the top 
of the box, even when running on the smooth part of 
the commutator. With the majority of machines the 
tendency is to adjust the commutating-pole strength 
so that the current density is greater on the entering 
side of the brush than the leaving, tending to cause 
greater wear and therefore imperfect contact on the 
entering side. In actual practice it has been found 
that an insufflcient angle of top bevel has allowed indi¬ 
vidual brushes to tilt on to their entering edges, causing 
them to be severely overloaded and their flexible leads 

to be burnt p^t. \ ^ 

Reaction Brush .—In view of the diversity of practice 
with regard to the top angle of a reaction brush it was 
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decided to investigate the influence of varying this. 
With a square top, i.e. no bevel (Fig. 2m), it was found 
that the current wandered about from one half of the 
brush to the other at approximately 5-minute intervals 
throughout the several days it was kept under observa¬ 
tion. The oscillograms of Figs. 9 and 10 show the 


frequently. Furthermore, when ordinary industrial 
motors are made and put into stock it is seldom known 
in which direction they will ultimately be required to 
run. It therefore becomes important to observe the 
effect upon the behaviour of a brush when the direction 
of rotation is reversed. Examination of the oscillo- 



current uniformly distributed in the one case and 
entirely in the leaving half in the other. At other times 
the current was entirely in the entering half. 

With a reversed top bevel of 13° (Fig. 2n) it was 
observed that the brush was extremely sensitive to the 
disturbing influence of flats and high bars. This caused 


grams already referred to shows that the performance is 
better when the brush is held against one face of the 
box both top and bottom than when it lies diagonally in 
the box. In a reversible machine, however, this cannot 
be associated with a large angle of tilt because in one 
direction of rotation there is danger of developing 



in one or other half of the brush the concentration of the 
entire current, a-nd this concentration was often main¬ 
tained until the succeeding flat or high bar was reached. 

Reversible Running. 

In commercial practice some types of machines such 
as traction, crane, and rolling-mill motors have to reverse 


excessive friction due to the increased pressure normal 
to the commutator, and in extreme cases with uneven 
commutators there is danger of a distinct wedging 
action in the holders. On the other hand, with ordinary 
designs of holders, if the angle is made small general 
experience demonstrates that the brushes do not run 
well reaction, because there is not suf&cient force to 
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hold the brush securely against the box at the bottom. 
This is confirmed by the test made on the brushes shown 
in Figs. 2(^) and 2{h) and referred to below. The problem 
then is to design a brush and holder for reversible 
running which will show the superior performance of a 
reaction brush running in the normal direction without 
exhibiting the disadvantages of this brush when run 
in the reverse direction. 


The direction of rotation of the machine was changed 
at frequent intervals immediately before each of the 
oscillograms in Figs. 11 to 16 was taken. 

Cantilever Brush .’—With the cantilever brush the 
direction of rotation is described as being “ normal 
when the rotation tends to carry the brush away from 
the face against which it is held by the pressure finger. 
Fig, 11 shows that with normal rotation the distribution 



SrMsA.—Consideration of 
the principles referred to led to the development of what 

S. tS? t of ^ 

hi^. ^{d). This brush is set radiaUy to the commutator 
and m provided with an overhanging metal top asainst 
winch the pressye finger bears in such a way ^ to give 
a component of pressure which will hold the 
on, fac of th. bmh te, to^Ve 
dmection of rotation. This design obidates the 
advantages of a tilted brush on a reversible Tnoev.' 
wl^t the adv^tages of damping the brush by hoS 
a(,a^t one face of the box are secured. Brushes of 
this t}q>e on an ordinary industrial 
operating under severe conditions have been Sot- 
oboorvaSoo for oovofal moot^ 
been entirely satisfactory. Noisy operation 
development of a double contart snrff.n^ ^ 
g^enced an ordinary rad^ holder and^Sd 

Stile^r SS us 2*L Srf eliminated. A 
described andSfSd toln 


disturbance at the high bar is of rather long duration. 


Table 2. 


Brush 

Holder, 
Fig., No. 

Description 

Fig. No. 

Cantilever radial 
Trailing 15°, 13° 
reversed ' top 
bevel 

Reaction 32°, 15° 
top bevel 

2(d) 

2(A) 

2(A) 

1(e) 

Similar 

to 

1(a) 

Mi) 

■ 


Osdllograra, Fig. No. 


Normal 

rotation 


11 

13 


15 


Reversed 

rotation 


12 

14 


16 


SeS*^£“inrnf distribution 
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Trailing Brush .—It will be seen that the trailing 
brush has been upset by reversible running, and now 
with rotation normal (Fig. 13) the leaving side takes 
approximately 50 per cent more current than the enter¬ 
ing side. When the rotation is reversed (Fig. 14) the 
distribution becomes still more unbalanced, the current 
on the leaving side being approximately four times that 
on the entering side. Also there are considerable 
fluctuations in contact resistance, as evidenced by the 
voltage curve. It will be realized, of course, that this 
trailing brush with reversed rotation becomes a reaction 
brush at a small angle. 

Reaction Brush .—^The performance with the reaction 


reversed than with rotation normal. The heating result¬ 
ing from the increased friction, and the disturbing effect 
upon commutation of a varying contact-drop, render 
this brush unsuitable for reversible running. 

In view of this result it was decided to reduce the 
bottom bevel to 20° (Fig. 2p). This brush was kept 
under observation for four or five days, but showed 
periods of serious unbalance of current so that further 
tests with it were abandoned. 

Stability of Arc of Contact. 

Since commutation, as distinct from mere collection, 
is a time process, and since the strength of commu- 




t t t. 

High bar Flat Flat 

Fig. 12.—Contact-drop and current in each half of cantilever radial brush. Rotation reversed^ 


brush rotation normal (Fig. 16) is excellent. The dis¬ 
tribution of current between the two halves of the brush 
is very uniform and the voltage curve very steady. 
The segment ripple is very clearly shown. With rota¬ 
tion reversed (Fig. 16) there are rather violent oscilla¬ 
tions over the flats and high bar, but over the smooth 
part of the commutator the current is approximately 
equally divided and steady. 

The contact-drop with reversed rotation (Fig. 16) is 
very low compared with that obtained with normal 
rotation (Fig. 15). This difference was evidently due 
to the wedging action with reversed rotation and, to 
investigate this, friction and contact-drop tests with 
an ordinary voltmeter were made. These revealed that 
the friction was no less than 62 per cent higher, and the 
mean contact-drop 37 per cent lower, with rotation 


fating poles is adjusted on the assumption that two 
adjacent segments will be short-circuited by the brushes 
for a definite period of time, it follows that it is a matter 
of vital importance for the arc of actual contact between 
brush and commutator to remain constant. As the next 
step it was therefore considered advisable to make up 
special brushes subdivided into four parts. The two 
outside sections were made equal to each other and half 
the thickness of the two inside sections, as indicated in 
Table 3. 

It will be noticed that the distribution of current 
between the four parts of the brush is remarkably 
uniform in all three cases, the reaction brush being 
perhaps slightly the best, closely followed by the canti¬ 
lever and the trailing in the order mentioned. It is 
considered that these oscillograms completely dispose 
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of the theory sometimes advanced that a brush makes 
contact with the commutator at three points only, a 

Table 3 . 


Four-Part Brush. 


Description 

Fig. No. 

Holder, 
Fig. No. 

Oscillogram, 
Fig. No. 

Cantilever 

m 

1(e) 

17 

Trailing 16°, 13° re¬ 

2(h) 

Similar 

18 

versed top bevel 


to 1(a) 


Reaction 32°, 16° top 

2(k) 

l(^) 

19 

bevel 





theory that is based on the false premise that the brush 
is inelastic. These oscillograms show not only that the 
brush is making contact at more than three points, but 


could be removed from its holder and then replaced 
on the commutator without upsetting the distribution. 

In actual practice it is not infrequently observed that 
a machine will run quite sparklessly for a considerable 
period, perhaps several weeks. Gradually the machine 
may then begin to spark and eventually the sparking 
may become serious. If careful obser/ation of the 
brush voltage curve is kept it will generally be found 
in these circumstances that the shape gradually changes. 
Sometimes the voltage rises to such a high value at one 
or other end of the curve that the reading can only be 
due to the combination of a rotational e.m.f. with the 
contact-drop, caused by imperfect contact across the 
face of the brush. The phenomenon described, has been 
observed particularly on large machines by a variety of 
makers and with various kinds of brushes fitted, but 
notably has not been observed on machines equipped 
with double brush gear, that is to say, with two brushes 
in each holder, one in front of the other. It is con¬ 
sidered that this phenomenon is due to the arc of con- 




that contact must be made at a multiplicity of points, 
otherwise the distribution of current between the 
several parts of the brush could not be so nearly^ in 
proportion to the areas. Moreover, the distribution 
as shown by these oscillograms may be accepted as 
characteristic of the behaviour, since it was observed on 
the screen to persist for days together. Any brush 


tact between a single brush and commutator changing 
in the course of time. The next step in these tests was 
therefore to investigate whether the distribution of 
current could be more easily upset with one design of 
brush than with another. To cause a disturbance the 
speed of the plant was increased from 6 000 to 8 900 ft. 
per min. In the case of the reaction brush, in less than 
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5 minutes approximately the whole of the current was 
carried by the entering half of the brush. When the 
speed was reduced the brush recovered itself at once 
and the distribution of current became even. This 
cycle could be repeated as often as desired, always with 
the same results. The cantilever and trailing brushes 
remained practically unaffected when the speed was 
changed in the same way, the cantilever brush proving 
to be even more stable than the trailing brush. 

To conJSjm that the behaviour of the reaction brush 
was attributable to the reaction angle and not to the 
particular design of holder, a second reaction brush- 
holder of the design illustrated in Fig. 1(f) was mounted 



tervals and showed during the first three or four hours 
that the whole of the current, with the exception of 
peaks corresponding to the high bars and flats, was 
confined to the two entering sections. Graduallj?-, 
however, the current crept into the third section and 
within 24 hours became uniformly distributed. It was 
evident, therefore, that the brush had changed its arc 
of contact with the commutator. 

The movement of the brush in its box \vas at first 
thought to be due to a change in the frictional force, 
but observations made on the dynamometer gear 
definitely established that the coefficient of friction re¬ 
mained unchanged. It was next thought that an in- 




Fig. 16.-Contact-drop and current in each half of 32“ reaction brush. Rotation reversed. 


in place of the cantilever holder. When the speed was 
raised from 6 000 to 8 900 ft. per min. it was observed 
that the current-sharing between the two halves of 
both rea,ction brushes was similar and very erratic, the 
current tending to concentrate in the entering side. 
The trailing brush remained practically unaffected On 
the speed being reduced to 6 000 ft. per min. uniform 
current-sharing was immediately restored. The speed 
was next dropped below 6 000 ft. per min., but this had 
no effect upon the distribution of current. 

To confirm the theory that the disturbance in the 
arc of contact was due to the reaction brushes taking up 
new positions in their holders and not to mere vibration, 
TOth these brushes were allowed to run at the high speed 
for 24 hours. Observation on the cunent in each of the 
four sections of both brushes was made at frequent in¬ 


crease of temperature resulting from the increased speed 
was responsible, but when the commutator was heated 
sever^ times by applying wood blocks to the part free 
from brushes the result was uncertain. Sometimes the 
current wandered to one side and sometimes merely 
showed a tendency to become unstable, Since the 
isturbmg effect of an increase in temperature was not 
due to a change in the frictional force it was felt that it 
must be due to the slight increase in the diameter of the 
commutator. Tests were therefore made to measure 
It found to amount to approximately 
0 0012 m. for the increase m temperature which had 
caused tte disturbance. Similar tests were then made 

a? 8 at 6 000 ft. per min. and then 

at 8ff00 ft. per mm., and it was found that an increase 
m diameter amountmg to approximately 0 • 005 in. 
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occurred at the latter speed. With a radial brush the very good for running in one direction only, but in 

error introduced in the radius of the contact surface common with all the others is badly upset by a high 

when the commutator diameter is increased by 0 • 006 in. bar. The effect would be reduced if double brush gear 

is so gmail as to be taken care of by the elasticity of were used, i.e. one brush in front of the other circum- 

the brush. When, however, a reaction brush is tilted ferentially, free to move independently of each other, 

at a considerable angle it is apparent from an inspection This arrangement is hereinafter referred to as “ tandem.” 

of Fig. 20 that the brush tends to break contact at the Comparing the slightly trailing brush with the reaction 
leaving edge so long as it maintains contact with the same brush, the latter is inferior in maintaining the arc of 

face of the box. With only a reasonable expansion contact when the irregularity is of the “ gradual ” type 



Fig. 17.—Current in each section of 4-part cantilever radial brush. 


combined with an angle as large as 30° the elasticity is but this defect can be minimized by the use of tandem 
insufhcient to ensure a perfect contact. gear. The reaction brush, however, is distinctly superior 

The change produced by raising the speed in the test when the defect takes the form of a ** sudden irregu- 

described could be produced in practice by a number of larity such as a high b^ or flat. This may explain to 

causes such as the following:—^Eccentricity of the some extent the diversity of practice amongst machine 

commutator; out-of-balance; a change of position of the constructors as regards trailing and reaction running. 

• armature shait in its bearing; a movement of brush arms; The tests suggest that greater benefit is derived from 

changesof temperature due to changes of load; variations the use of tandem brush gear with reaction running 

in centrifugal force (in variable-speed machines). Irregu- than trailing running, al^ough the use of this gear must 

larities such as these may be described as gradual,*' in aU cases tend to stabilize the axe of contact. 

as distinct from “ sudden " irregularities, suck as high Alternative To Tanoem Gear. 

bars or flats. ■ , , . . .... 

It tiius appears that the cantilever brush is definitely The use of todem brushes imposes senous restrictions 
the best of those tested for reversible work. It is also upon the design of the holders. The query arises 
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whether it is possible to secure the advantages offered by 
them without encountering the limitations referred to. 

Before attempting to answer this query it is necessary 
to appreciate the influence of current density upon brush 
operation. 

The very common practice of thinking in terms of 
current density in a brush (i.e. amps, per sq. in. of 
contact surface) is sometimes criticized on the score 
that contact resistance is not affected by size of brush, 
provided the total pressure is kept constant. The 
current density, however, affords a very useful rough in¬ 
dication of the rate of wear that may be expected— 
obviously a matter of first importance. 


the current density. This increases the contact-drop and 
therefore the total loss, but the friction would be 
halved and it is probable that the net result would be a 
decrease in the total commutator loss, so that no increase 
in size of commutator would be necessary. With this 
arrangement the rate of wear would be increased because 
removing half the brushes halves the number of points 
of contact available. Since the number of brushes has 
been halved, however, the rate of wear can double before 
the brush consumption is increased. Probably an im¬ 
proved result would be obtained by increasing the pres¬ 
sure somewhat, as the actual density would thereby 
be decreased because carbon brushes are not perfectly 


Summary of Conclusions. 


Type of brush 

Fig. No. 

Stability as affected by** sudden” 
commutator irregularities 

Constancy of arc of contact as 
affected by ** gradual ” commutator 
irregularities 

Suitability for reversible running 

Ordinary radial 

2{a) and 
2(6) 

Very sensitive 

Excellent 

Tilts in its box, therefore 
bad 

Ribbed radial 

2{c) 

Better than ordinary 
radial but not good 

As 2(a) and 2(6) above 

As 2(a) and 2(6) above 

Cantilever radial 

m 

Good 

Excellent 

Excellent 

♦Ribbed, trailing 5°, 
square top 

m 

Great improvement 
over 2(c) above 

Very good 

Very bad 

Trailing 5®, non-diagonal 

m 

. Very good 

Very good, but very 
slightly inferior to 2(d) 
above 

Bad 

Trailing 15®, diagonal 

xg) 

Superior to radial but 
inferior to 2(h) below 


— 

Trailing 16®, non¬ 
diagonal 

m 

Very good 

Very good, but slightly 
inferior to 2(d) above 

Bad 

Reaction 32®, non¬ 
diagonal 

m 

Excellent 

Easily upset 

Wedging .seriously affects 
friction and contact- 

Reaction 32°, square top 

2(m) 

Definitely inferior to 
2(A) above 

— 

drop 

Reaction 32®, diagonal 

2(«) 

Definitely inferior to 
2(A) above 

— 


Reaction 20°, non- 
diagonal 

m 

Very changeable and 
definitely inferior to 
2(A) above 




* Its practical equivalent in the form of a shallow box introduces risk of side wear. 


Under a given total pressure the current per brush 
determines the rate at which the points of actual contact 
axe consumed. It follows, therefore, that when the 
current is large the number of reserve points should be 
large, otherwise the rate of wear will be excessive. In 
other words, an excessive nominal current density is 
productive of a high rate of wear. 

Tandem brushes assist in preserving the arc of con¬ 
tact and accordingly the time in which commutation 
must be effected. To secure this advantage with single 
brushes it is suggested that an arrangement might be 
developed whereby the brush thickness would be made 
equal to half the desired arc of contact, and alternate 
brushes would be staggered so as to cover the complete 
arc. Reverting to single brushes would immediately 
free the hands of the designer but at the cost of doubling 


rigid; also with increased pressure a greater force would 
be available for returning the brush quickly to the com¬ 
mutator when contact with the latter is broken, due to the 
presence of a flat or high bar. 

A further improvement would be effected by reducing 
the width of the brush (provided this was not already 
as small as is practicable) and correspondingly increasing 
the number of brushes. This procedure would increase 
the actual area of contact with the commutator. This 
is very important from the commutation point of view 
as the brushes would then be operating on a less 
saturated / portion of the contact-drop curve. To 
take a concrete case, imagine a machine to be fitted with 
10 pairs of brushes per spindle, each brush Ij in. X | in., 
and the full-load current density to be 56 amps, per sq. 
in. Assume the pressure to be 2| lb. per sq. in. and 
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peripheral speed 5 000 ft. per min. A mean contact- 
drop of 1*2 volts at this density and a coefficient of 
friction of 0*15 would be reasonable figures to assume. 
The loss per spindle would then be 

l2/^loss = 620 watts 

Frictional loss = 400 watts 


Total .. 1 020 watts 


Thus the alterations made have decreased rather than 
increased the total loss. Single brushes have been used: 
this gives the designer the maximum freedom in the 
design of the holder, whilst the advantage of tandem 
holders is retained so far as helping to preserve the full 
arc of contact is concerned. The nominal current 
density has been doubled, but as the total number of 
brushes has not been reduced by as much as one-half, 
the actual current density will not have been increased 



Now suppose 14 single brushes | in. X f- in. be sub¬ 
stituted, staggered to cover an arc of | in. The current 
density will be 112 amps, per sq. in. A reasonable 
contact-drop at this density and at 2j lb. per sq. in. 
would be 1-4 volts. If a pressure of lb. per sq. in. 
were applied this figure would be reduced to about 
1 • 26 volts and the coefficient of friction increased to, say, 
0*17. The loss per spindle would then be 
PB loss = 645 watts 

Frictional loss = 310 watts 


Total .. 955 watts 


as much as the apparent density. In other words 
the actual current per brush has not been increased from 
26 amperes to 62 but to 37 only, and the lower the 
current per brush the better for commutation. The 
brush constitutes a small unit with a correspondingly 
large radiating surface, and is not small enough to 
introduce difficulties in providing it with an adequate 
flexible lead. 

An actual experiment upon these lines has been made 
upon a small machine. The brushes were first run at 
60 amps, per sq. in. Brushes of half the thickness were 
then substituted and staggered along the spindles to 
cover the same arc of contact. It was not practicable 

^ 53 
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to increase the number of the brushes and reduce the 
width, as the latter was already small. With the 
nominal density doubled, the rate of wear increased 


mising that it is considered that a further experiment 
along these lines with a larger machine would be fully 
warranted. 



less than proportionally, so that the actual brush con¬ 
sumption was less than before. Commutation was 



Fig. 20.—Effect (exaggerated) of a brush mounted 
on an eccentric commutator. 

mot quite so good, due to working higher up on the 
contact-drop curve, but the experiment was so pro- 


Type of Pressure Finger and Spring. 

It remains to consider the influence of inertia in the 
brush and pressure finger upon operation. Tests were 
made with four different pressure-finger designs. These 
are illustrated in Fig. 1 and embody (a) a clock spring, 
(b) a solid brass lever arm with helical spring, (c) as (&) 
but provided with an auxiliary spring tip, (d) plain 
helical compression spring with central guide stem. A 
holder was so constructed that the pressure gear could 
be changed without disturbing the holder on its spindle 
or the brush in its box. Running tests were made with 
each gear in turn on the commutator in the condition 
previously described. The results are shown in 
Figs. 21-24. The clockspring type shows a much longer 
disturbance and is definitely the worst of the four. 
The plain helical compression spring is next in order 
of demerit, whilst it is difficult to decide between the 
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Fig. 21. —Brush contact-drop and current. Pressure applied with clock-t}^ spring. 
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High bar Flat Hat 

Fig. 26.—Contact-drop and brush current at 6 000 ft. per min. with varied inertia in the brush or pressure finger. 


lever arm and the same arm modified to take an auxiliary 
light spring-tip. 

The opinion usually held is that the addition of an 
auxiliary light spring-tip is beneficial, and in view of 
the comparative results shown in Figs. 22 and 23 further 
tests were made to investigate the effects of inertia, 

A holder similar to Fig. 1(a) was selected for the test. 
In Table 4 light finger indicates the finger as illus¬ 
trated. ** Heavy finger ** indicates the same finger 
with the addition of 36*5 grammes of lead folded around 
the lifting pin, which is immediately over the brush. 

The brush was run 15® trailing with 13® reversed top 
bevel (see Fig. 2A). Light brush indicates that the 
brush was slotted as shown dotted and weighed 23-1 
grammes. Heavy brush ** indicates that the slots 
were filled with 36*5 grammes of lead, making the total 
weight of the brush 69-6 grammes, equivalent to in¬ 
creasing the mean brush length (so far as weight is 
concerned) from 26 mm to 67 mm. 

The group of tests shown in Table 4 was made. 

In the first two series, as would be expected, an in¬ 
crease of speed is accompanied by an increase in the 


interval between the brush leaving and rejoining the 
commutator; also there is an increased disturbance at 
the flats. Comparing the light and heavy brushes at 


Table 4. 


Series 

Finger 

Brush 

Speed 

Oscillogram, 
Fig. No. 




r.p.m. ft. per min. 


1 

Light 

Light 

1 770 4 600 

25 


Light 

Light 

2 300 6 000 

26 


Light 

Light 

3 700 9 700 

27 

■ ^ 

Light 

Heavy 

1770 4 600 

25 


Light 

Heavy 

2 300 6000 

26 


Light 

Heavy 

3 700 9 700 

27 

3 

Heavy 

Light 

1 770 4 600 

25 


Heavy 

Light 

2 300 6 000 

26 


Heavy 

Light 

3 700 9 700 

27 
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approximately the same speeds and with the same light 
finger, the detrimental effect of high brush inertia is 
apparent in each case. 


in Series 1 be compared with those in Series 3, it will 
be noticed that the heavy pressure finger is better than 
the light one. The current is never broken at any speed 



Fig. 27.—Contact-drop and brush current at 9 700 ft. per min. with varied inertia in the brush or pressure finger. 

The effect of transferring the inertia from the brush with the heavy finger, and the difference in behaviour 

to the finger is most interesting, as will be seen on com- is most marked at the highest speed, 

paring Series 2 with Series 3. The complete interruptions These results open up a fresh avenue for investigation 
of current observed in Series 2 at each of the three speeds to determine the most suitable proportions of spring 

do not occur with Series 3. Further, the disturbance at pressure and inertia of the pressure finger in order to 

the flats is small in the latter series. If the oscillograms obtain the best all-round performance. 





MORGAN: THE RESONANCE METHOD OF WAVE-FORM ANALYSIS. 


819 


THE RESONANCE METHOD OF WAVE-FORM ANALYSIS.* 


By C. F. J. Morgan, M.Sc., Graduate. 


{Paper first received 2nd September, 1930, and in final form Vlth August,. 1931.) 


Summary. 

The paper describes briefly the principles of the resonance 
method of wave-form analysis. A short account is included 
of the other methods of analysis that are available, and a 
historical risume of the resonance method is given. The 
desirability of basing the analysis on a measurement of the 
voltage across the inductance coil in the resonance circuit is 
demonstrated from theoretical and practical considerations. 
The most suitable form of analyser is described and the ad¬ 
vantages of the thermionic voltmeter for this purpose are 
indicated. A selection of the results obtained are included 
to illustrate the applications of the method. 


Table of Contents. 

List of Symbols. 

(1) Introduction. 

(2) Theory of the resonance method. 

(3) Other methods of wave-form analysis. 

(4) Historical risumi, 

(5) Description of experimental work. 

(6) Practical form of resonance analyser. 

(7) Selection of results obtained. 

(8) Conclusions. 

Appendices. 

I. Design of a suitable inductance coil. 

II. Specimen observation sheet. 

III. Bibliography. 

List of Symbols. 

C = capacitance. 

E = R.M.S. value of e.m.f. under analysis. 

Ec = e.m.f. across condenser in resonance circuit. 

Ej[^ = e.m.f. across inductance in resonance circuit. 

E^ = e.m.f. across resistance r in resonance circuit. 

== wth-order harmonic component of .E7 (component 
in resonance). 

jg?^ =s nth-order harmonic component of E (any com¬ 
ponent not in resonance). 
f = supply frequency. 

1 = circuit current. 

= mth-order harmonic component of J. 
i == inductance. 

m = order of in-resonance harmonic. 

M = total ohmic resistance of circuit. 
a> = 27if, 

(1) Introduction. 

It was fi!rst pointed out by Fourier that any periodic 
function may be represented as the sum of a number 
of Sine components of diflEerent frequencies, these cpm- 

♦ The authcar was awarded a Student’s Premium for a paper on this subject 
read before the Loudon Students’ Section on the 15th March, 1929. The paper 
has been amplified for publication in the 


ponents being called “ harmonics.*' It is well known 
that the best way of investigating any problem of 
distorted waves is to consider the separate harmonics 
present. In electrical engineering practice the ideal 
wave-form of voltage or current is usually a sine wave, 
and distortion of this ideal form due to harmonics 
frequently produces undesirable results. Thus it becomes 
important to have some method of determining the 
various harmonic components present in any distorted 
wave-form. The various methods which have been 
suggested may be classified as {a) indirect methods, in 
which a graphical representation of the wave-form has 
first to be obtained, and the curve is then analysed into 
its harmonic components; or (b) direct methods, in which 
the harmonics are determined directly from the readings 
of one or more instruments. 

The method which has been most widely uped consists 
of an analysis of an oscillogram of the wave-form. 
This process is inconvenient and lacking in accuracy. 
The resonance method described in this paper will 
perhaps meet the existing need for a convenient ** direct 
method of analysis. 


(2) Theory of the Resonance Method. 


In the resonance method the e.m.f. which is to be 
analysed is applied to a circuit (Fig. 1) containing- 



inductance, capacitance, and resistance, in series. Either 
the capacitance or the inductance is varied until the 
natural frequency of the circuit coincides with the 
frequency of the particular harmonic to be measured. 
This component will be referred to as the ** in-resonance " 
component, the others being out-of-resonance " com¬ 
ponents. The magnitude of the in-resonance component 
may be calculated from the value of the voltage across 
the capacitance, the resistance, or the inductance. 
For, to a first approximation, it may be assumed that 
at resonance the circuit current is produced solely by 
the in-resonance harmonic. 


Then 

Eq 


I = E^/B . 

J ^ ^, JL «jgj 

Cnhco B GnfhOt> ^ B 


( 1 ) 

( 2 ) 
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since, at resonance, 

Lmo) = IKCmcS) 

also Slr = Ir = Slm^ .(3) 

= Il/mo) = Efn —... (4) 

Hence the magnitude of the component is given by 

It 

= Eq , RCmo) == B(j . --, from (2) 

Lmo) 

R 

From (3), E^ = E^- .(5) 

T 

or, from (4), . 


The assumption that the out-of-resonance components 
produce no current is, of course, untrue, so that the 
expressions deduced for E^ are inaccurate. The extent 
of the inaccuracy may be readily deduced by considering 
the currents produced by the out-of-resonance com¬ 
ponents. This has been done by Prof. R. Beattie,* 
from whose work the following deductions are made. 

It is seen that three resonance methods of analysis 
are available according as the calculation is based on a 
measurement of the voltage across the capacitance, the 
resistance, or the inductance; these three will be referred 
to as methods A, B, and C respectively. 

In the case of method C, the expression for E^ given 
in equation (6) assumes that the ohmic resistance of the 
circuit is small compared with the reactance of the coil. 
It therefore becomes important to design a coil of large 
inductance for a given resistance; the ratio LcofR should 
be not less than 5. 

The mathematical examination of the resonance 
circuit proves that method B will probably be more 
accurate than method A, and that method C will 
probably be more accurate than either method A or 
method B. This proposition cannot be rigidly estab¬ 
lished for all wave-forms, but it is true for those likely 
to be met with in electrical engineeringproblems. This 
conclusion is supported by the examination of a large 
number of widely differing wave-forms; as an illustration. 
Tables 1 and 2 give the percentage errors of the three 
resonance methods A, B, and C, for two wave-forms. 
In the calculations for both tables the value of LcoIR 
is assumed to be 5. 

A simply-calculated correction factor may be applied 
to the results obtained by any one of the three methods. 
This has been done for method A in the above examples, 
and it clearly gives a close approximation to the true 
value. 

The correction factor is given by 
-v/[l - (1/-S2)] 
where ^ „ K^Lmo^lR 

the values of E'^ and E'^ being taken from the inac¬ 
curate analysis first obtained. 

* See Bibliography, (31), 



This correction factor may be applied with little 
difficulty if only one or two of the out-of-resonance 
components have to be corrected for. It is, however, 
very inconvenient to apply the correction factor if there 
are a large number of components. 


Table 1. 


Component 

True 

value 

Value 
given by 
method A 

Percentage error 

M thnd 
A (cor- 
rectfdj 

Method 

B 

Method 

C 

Fundamental .. 

100 





3rd harmonic .. 

15 

11-75 

O-Oo 

1-48 

O-ij 

5th harmonic .. 

10 

8*80 

O-Oo 

0-6o 

0-1, 

7th harmonic .. 

5 

16-67 

0-6„ 

0-8o 

O-Sj 

9th harmonic .. 

3 

26-40 

O-Oo 

0-95 

O-S, 

11th harmonic .. 

2 

37-0 

0-6o 

0-8o 

0-25 


Experience shows that if method C is adopted the 
only case where serious inaccuracy is likely to arise is 
that of a small 3rd harmonic in the presence of a large 
6th. The correction factor need never be applied, 
except in cases of this sort. The only out-of-resonance 
components to be considered are the 6th and the 
fundamental. For example, if the correction factor be 
applied to the value for the 3rd harmonic in the second 
of the above wave-forms, the corrected value is accurate 
to within Ovl per cent. 


Table 2. 


Component 

True 

value 

Value 
given by 
method A 

Percentage error 

Method 

A (cor¬ 
rected) 

Method 

B 

Method 

C 

Fundamental .. 

100 





3rd harmonic .. 

4 

133-6 

0-45 

19-0 

6-8 

6th harmonic .. 

10 

7-7 

0-1 

0-4 

0-1 

7th harmonic .. 

6 

16-3 

0-0 

0-7 

0-2 


Instead of the mathematicaT argument by which 
Prof. Beattie established the great probability of 
method C being more accurate than methods A and B, 
the following physical explanation is advanced. 

It is necessary to assume that the harmonic com¬ 
ponents of low order will in general be of greater magni¬ 
tude than those of high order. Almost invariably this 
assumption is justified, for the fundamental far exceeds 
any other component. Considering the effect of the 
fundamental when the circuit is tuned to resonance with 
the mth-order harmonic, we have 

Voltage across the condenser due to fundamental 
= /j(l/Cco) 

Voltage across the coil due to fundamental 
= ijLco 
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Hence the fundamental produces a much smaller voltage 
across the coil than across the condenser. 

The in-resonance component^ however, produces the 
same e.m.f. across both the coil and the condenser: it 
follows that this component forms a much larger propor¬ 
tion of the coil voltage than it does of the condenser 
voltage. 

For harmonics of higher order than the in-resonance 
component, the opposite is true, i.e. the out-of-resonance 
component is greater in the coil voltage than in the 
condenser voltage. Our initial assumption entitles us 
to suppose, however, that this effect is far outweighed by 
that of the low-order harmonics. Hence it is much 
more accurate to assume the coil voltage, and not the 
condenser voltage, to be due entirely to the harmonic 
which is being measured. 

(3) Other Methods of Wave-Form Analysis. 

Before the resonance method is discussed in detail, 
the other methods of wave-form analysis will be briefly 
considered. 

{a) Indirect methods. 

The graphical representation of a wave-form was 
obtained originally by using the ** contact principle 
which was introduced in 1881 by Joubert and improved 
by Blondell and Hospitallier. Their methods all involve 
lengthy and laborious point-to-point determinations. 
Vaiiations of the contact principle have been described 
by Duncan,*** Ryan,t Goldschmidt,J and Laws.§ 

In Duncan’s and Ryan’s methods the current under 
analysis is passed through one coil of a dynamometer. 
The other coil carries a current only at that instant of 
each half-cycle for which the reading is required. In 
Goldschmidt’s method the current is passed through the 
primary of a traflsformer, and the magnetic circuit of this 
transformer is completed at a particular instant each 
half-cycle. Observation of the secondary current affords 
a measure of the current magnitude at this point of the 
wave. Laws’s method is the same in principle as 
Goldschmidt’s. These methods require the measure¬ 
ment of the instantaneous value of a current. For 
accuracy, the duration of the impulse on the measuring 
instrument must be made small, and, as the sensitivity 
of the instrument is much reduced in consequence, 
considerable error may be introduced. 

The best way of obtaining a graphical representation 
of the wave-form is to use an oscillograph. Of the 
various types of oscillographs which are available, viz. the 
moving-coil, electrostatic, and cathode-ray forms, the 
one most commonly used in practice is the Duddell 
moving-coil instrument. One of its limitations is that 
it gives results of doubtful accuracy when used to 
determine harmonics of orders higher than 11. 
The analysis of an oscillogram can be carried Out by 
[a) A Coradi or other type of mechanical analyser, or 
(^) graphical construction, or [c) calculation from the 
measurement of selected ordinates. There is a consider¬ 
able amount of literature dealing with these methods. || 

Even in the shortened forms available, indirect 
methods are cumbersome, and further, especially when 


high-order harmonics have to be determined, they lead 
to considerable errors. 

(5) Direct methods. 

The resonance method belongs to this class, and 
among others which have been suggested there are:— 

(i) rectifying, (ii) potentiometer, (iii) dynamometer, and 
(iv) heterodyne methods. 

(i) Rectifying methods.'^ —^The principle of these is 
identical with that of the Fischer-Hinnenf method of 
analysis by the measurement of selected ordinates of an 
oscillogram. The rectifying methods perform the 
summation mechanically. For the determination of a 
particular harmonic the rectifying method is very 
laborious. 

(ii) Potentiometer method. %—In this method an a.c. 
potentiometer is adjusted to the null position, using the 
e.m.f. under analysis. The phase of one of the currents 
is then shifted by 120®, so that current is produced by 
all the harmonics except the 3rd, 9th, 15th, etc. The 
current is measured by means of a galvanometer. 
The phase shift is then altered to 72°, when the only 
harmonics not producing current are those of order 
5n (where n is a positive odd integer). In this way a 
series of galvanometer readings is taken for various phase 
settings. Corresponding to each observation an equa¬ 
tion may be established having the amplitudes of the 
harmonics as the unknown quantities. By making a 
sufflcient number of observations these equations may 
be solved and the harmonic components determined. 

Since the potentiometer is not being used as in a null 
method, its accuracy is greatly reduced. Further, for 
a complete analysis when many harmonics have to be 
determined, the number of simultaneous equations 
becomes excessively large. 

(iii) Dynamometer method, —^Essentially this method 
consists in applying the e.m.f. to be analysed to one 
coil of a dynamometer while the other carries a sinusoidal 
current of the same frequency as the harmonic being 
measured. The deflection of the dynamometer is then 
proportional to the product of the sinusoidal analysing 
current and the magnitude of the harmonic which is 
being measured. In order to develop a practical 
analyser on these lines it is necessary to consider the 
following requirements, (a) The analysing current 
must be truly sinusoidal. (6) It must be obtainable over 
a wide range of frequencies in order to measure the high- 
order harmonics, (c) It must be exactly in phase with 
the harmonic to be measured. 

The first successful analyser of this type was described 
in a paper read before the Institution in 1925.§ This 
paper discusses very fully the theoiy and application of 
the d 3 mamometer method. The difficulty of obtaining 
a suitable sinusoidal analysing current was overcome 
by using the properties of an oscillatory circuit. It 
was found possible to measure all the harmonics up to 
the 23rd with an accuracy of 0 * 1 per cent of the funda¬ 
mental. This is much better than the accuracy obtain¬ 
able by the indirect methods. Unfortunately the 
apparatus required for the analyser is of a special and 
costly nature. 


♦ See Bibliography, (2). t ^ Ibid.f(4i), § Ibid,, (5), 

|] See, for example. Bibliography, (8) to (12), 


* See Bibliography, (18), (14), and (15). 
t /6i^.,(6). $/hid., (16). 


§ Ibid., (20). 
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A paper by R. T. Coe* describes a further development 
of this analyser in which the sinusoidal analysing current 
is obtained by using a special synchronously-driven 
contact disc in conjunction with a valve circuit. This 
analyser is claimed to measure harmonics of a few per 
cent of the fundamental with an accuracy of 0*05 per 
cent, and very feeble harmonics to within 0*01 per cent 
of the fundamentals. It is arranged for a frequency 
range up to the 41st harmonic of a 50-cycle supply. 
The apparatus, though less complicated than that of 
the original analyser, is stiU of a special nature. 

(iv) Heterodyne method.^ —^This method has only 
recently been introduced. C. Suitsf has tested the 
sensitivity and accuracy obtainable by using the method 
to analyse known wave-forms. It is claimed to be 
accurate to within 1 per cent for harmonics of magnitude 
10 per cent of the fundamental, and to within 3 per cent 
for harmonics of magnitude 1 per cent of the fundamental. 


(4) Historical Resumie, 

The possibility of analysing a wave-form by the 
resonance method was first suggested by H. I. Pupin 
in 1894.§ Pupin employed an electrometer to measure 
the voltage across the condenser (see Fig. 1), and neg¬ 
lected the effect of all except the in-resonance component. 

Other investigators measured circuit current instead 
of condenser voltage, on account of the greater con¬ 
venience of using an ammeter instead of an electrostatic 
voltmeter. The first to make use of this modification 
seems to have been T. Mather,|| who discovered it 
almost by accident in 1901. 

Among others to attempt an analysis from a measure¬ 
ment of circuit current were H. Armagnat^ and E. 
Orlich,** both of whom used an oscillograph to record 
the current. A fixed measured capacitance was in¬ 
cluded, the circuit being tuned by a variable inductance 
coil of the A 3 ?Tton-Perry t 3 rpe. f f As the natural frequency 
of the circuit approached that of a particular harmonic, 
that harmonic was depicted on the screen of the oscillo¬ 
graph as an approximately sinusoidal wave. The 
amplitude of this wave vras measured when it reached 
its maximum, and as the terminal-e.m.f, wave was also 
depicted on the screen (by means of a second element 
on the oscillograph) the comparative magnitude of the 
harmonic could be obtained. Although this arrange¬ 
ment affords an exceedingly picturesque illustration of 
the method, the results obtained from it are inaccurate, 
especially for small harmonics. 

An automatic analyser of this type which has been 
invented in America by R. L. Wegel and C. H. MooreJJ 
is described as an electrical frequency analyser."' 
The current in the tuned circuit is applied through a 
high-ratio tr^sformer to a valve amplifier, and is 
registered on a recording meter. The tuning capacitance 
is automatically varied in small steps by a pneumatic 
device. The record is taken on a specially-scaled 
photographic plate which is moved across the recording 
meter by pneumatic power: thus the curve obtained 
shows circuit current plotted against natural frequency 
f the circuit. The peak ordinates on this curve are 


See Bibliography, (21). 

/oq\ ^ 

S 4020., lisvi. 

tt (40). 




t Ihii., (22), (23), and (2-1). 
(|JWi.,(26). t (27). 
«i'Wd,(29). : " V 


taken as a measure of the harmonics to which they 
correspond. The designers of this analyser state that 
when taking a record it is only necessary to start the 
amplifier, connect to a 110-volt supply, attach the leads 
to the source to be analysed, and press a button. The 
completed record is delivered after about 5 minutes, 
when the mechanism automatically re-sets itself. This 
process represents a maximum of rapidity, but its ac¬ 
curacy is poor. It appears that no attempt has been 
made to design a suitable coil having a large amplifica¬ 
tion factor, and as all the harmonics are recorded on the 
same scale small components cannot be accurately 
determined. 

An interesting application of the resonance method 
is described in a paper read before the Institution by 
B. A. G. Churcher and A. J. King* on The Analysis 
and Measurement of the Noise Emitted by Machinery." 
The energy of sound being very small, exceedingly 
sensitive apparatus must be employed for its analysis. 
The problem is complicated by the fact that the com¬ 
ponents of a noise are not simple harmonics of the 
fundamental, but may have quite independent fre¬ 
quencies. Churcher and King's method is to amplify the 
small e.m.f. generated in a detecting microphone before 
^-Pplying it to the analyser. In order to obtain good 
selectivity without using a large inductance coil, a 
double-circuit analyser is used. The secondary current 
! is measured by a vacuum thermo-junction and a portable 
reflecting galvanometer. Very satisfactory results have 
been obtained with this apparatus. 

The first searching examination of the theory of the 
resonance method was published in 1912 by Prof. 
Beattie, t whose work forms the starting-point of the 
present investigations. His theoretical deductions are 
set out in the following section. Since the publication 
of his original paper several other investigations t have 
been made into the same subject. 

(5) Description of Experimental Work. 

The first object of the experimental investigation was 
to verify the theoretical conclusions set out in the 
previous section. For this purpose the same wave-form 
(frequency, 100) was analysed by each of the three 
resonance methods. This wave-form was first analysed 
from an oscillogram, and the following components were 
observed:— 

Fundamental .. .. ., lOO 

3rd harmonic .. .. .. 14*2 

6th harmonic .. . . .. 9*0 

7th harmonic .. .. .. 3.2 

Feeble harmonics of higher orders were also present, 
but for the moment they need not be considered. 

The voltages across the condenser and across the coil 
were measured by an electrostatic voltmeter over a range 
of values of the capacitance. For method B the ohmic 
drop was calculated from the circuit current, which was 
measured by a low-range dynamometer. Although 
the apparatus used for these initial experiments lacked 
refinement, the results definitely showed that method C 
gave the greatest accuracy. The apparatus was later 

* See Bibliography, (30). . f im., (31). J (S2),;($3), and (34). 
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modified in order to ensure greater convenience and 
increased accuracy. 

Two fundamental modifications were introduced. 
In the first place, the capacitance for tuning the circuit 
was arranged to be continuously variable so as to enable 
the peak value of the voltage being measured to be 
observed directly. A great saving of time was effected 
by this modification, which increased the accuracy of the 
equipment because it enabled the true peak value to be 
obtained. 

The second change consisted in the substitution of a 
thermionic voltmeter* for the electrostatic type pre¬ 
viously employed. It is necessary to employ a high- 
impedance voltmeter, and although both the electrostatic 
and the thermionic types fulfil this condition the latter 
is much more sensitive thaii the portable electrostatic 
instrument, which also suffers from the disadvantage that 
it requires a long time-interval before giving a steady 
reading. The thermionic voltmeter, on the other hand, 
responds rapidly to any voltage change, and enables a 
reading to be taken within a few seconds: it is also 
suitable for the measurement of quite small voltages 
and has an open scale. The modified apparatus used 
for the further experiments is represented diagram- 
matically in Fig. 2. 



Fig. 2, 


C was a continuously-variable mica condenser of 
0*01 fxF maximum capacitance. It was used for the 
final adjustment only. Larger variations were obtained 
by the use of a bank of condensers whose capacitance 
could be varied in steps of 0 • 01 /aF from 0 • 01 to 0 • 60 /xF 
simply by rotating two contact switches. For capaci¬ 
tances greater than 0 • 6 /x,F condensers were connected in 
parallel, but this necessity did not frequently arise. 
The Dubilier condenser units employed could be safely 
operated at an a.c. voltage of 300 volts, the highest value 
required. Mica condensers were found to give more 
reliable results than paper condensers, and they also 
have the advantage of being of small bulk. The 
bank used wais very compact, its dimensions being 
25 X 20 X 10 cm, 

The choice of a suitable inductance coil is a matter 
of great importance. As a high amplification factor is 
desirable, the coil must have a large time-constant 
and this is ensured (see Appendix I) by adopting the 
proportions given by C. J. Maxwell.t 

The thermionic voltmeter V employed the curvature 
of the anode-cunrent/grid-voltage characteristic, the 
circuit being arranged as in Fig. 3. The input voltage 
was measured in terms of the plate current as recorded 
by the unipivot milliammeter G (made by the Cambridge 
Scientific Instrument Co.). A Marconi D.E.5a power 

* See Bibliography, (36) and (37). f 


valve was found to be convenient for these tests. It 
was operated with a filament voltage of 5*6 volts, an 
anode voltage of 48 volts, and a negative grid-bias of 
17-5 volts. These conditions were chosen so that 
the working range of the voltmeter occurred at a section 
of considerable curvature on the anode-current/grid- 
voltage characteristic, thus ensuring high sensitivity. 
To secure a high impedance, the grid must be negatively 
charged to such an extent that even at the peak value 
of the maximum applied voltage it still remains negative, 
no current being then taken from the input circuit. 

Accuracy is increased if the initial deflection of G 
without any applied voltage—is of appreciable magni¬ 
tude. With the conditions detailed above an initial 
deflection of 41 units was obtained, the full-scale deflec¬ 
tion being 160 units. The instrument zero (i.e. a 41-unit 
deflection) was maintained constant by adjusting the 
filament current. The voltmeter was calibrated on 
direct current against a d 3 mamometer-type voltmeter for 
which a National Physical Laboratory calibration was 
available. 

The valve voltmeter in the form used had a range of 



0 to 4 volts. When measuring up to 300 volts a potentio¬ 
meter was used to tap off a known proportion of the 
required e.m.f. The potentiometer consisted of a. 
divided megohm in series with a 100 000-ohm resistance 
variable in steps of 10 000 ohms. 

The procedure when making an analysis was to 
adjust the capacitance approximately to the value 
required for resonance with a particular harmonic, vary 
the reading of the potentiometer nearly full- 

scale deflection of G was obtained, and finally adjust 
the condenser until the milliammeter deflection passed 
through its maximum value. The form of observation 
sheet found most suitable is given in Appendix II. This 
procedure enabled a wave-form containing some twelve 
harmonics to be analysed in about half an hour. 

(6) Practical Form of Resonance Analyser. 
The apparatus described in the previous section, 
whilst giving reliable results in the laboratory, does not 
constitute the most convenient form for use in engineering 
practice. A description will how, he given of apparatus 
suitable for a practical analyser, 

(a) .---This will he requhed for measuring t^^ 

terminal e.m.f . . 

(5) Frequemy For recording the frequency of 

the e.m.f, under analysis a reed-type frequency-meter 

would, generally speaking, he sufficiently, accuraie. 
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In exceptional cases the frequency could be calculated 
by observing the capacitance included to give resonance 
with each harmonic. 

{c) Potentiometer ,—^This is connected across the in¬ 
ductance coil and must have a large impedance. A 
resistance of 1 megohm would be suitable. Tapping 
points should be arranged so that convenient fractions 
of the coil voltage may be measured. 

[d) Thermionic voltmeter .—The instrument manu¬ 
factured by the Cambridge Instrument Co. under the 
Moullin patent is accurate, convenient, and, on account 
of its size, easily portable. 

(e) Inductance coil .—It has been pointed out that the 
coil used must have a maximum inductance for a given 
resistance. The design of such a coil is considered in 
detail in Appendix I, where it is shown that a suitable 


the circuit is thereby much increased. In choosing the 
condenser arrangement two factors have to be con¬ 
sidered, viz. rapidity of manipulation, and cheapness of 
construction. 

It is probably best to have a bank of condensers 
variable from 0 to 0*1 juF in steps of 0-01 /x,F, and 
another bank variable from 0 to 1 • 0 jocF in steps of 0 • 1 juF. 
It should be possible to vary the capacitances by rotating 
a contact arm: larger condensers variable in steps of 
1*0 ixF might be of the plug-in or tumbler-switch type. 
Finally, a continuously-variable condenser of 0-01 /xF 
maximum capacitance is required. This condenser 
must be capable of fine adjustment. All the apparatus 
is of standard laboratory type, and the whole equipment 
might be assembled in a semi-portable form convenient* 
for use in laboratory or test department. 



coil can be developed which wiU weigh not more than 
36 lb. The inductance of the coil used must be ac¬ 
curately measured by a bridge method. 

(/) Condensers. —The range of capacitance required 
de^nds on the frequencies of the e.m.f.’s to be analysed. 
It is not necessary to measure the fundamental of the 
■wave-form, as this may be calculated from the R.M.S. 
value and the values of the harmonics. The greatest 
capacitance required, therefore, is that needed to tune 
the circuit to resonance with the third harmonic. If an 
mductance of 0 • 5 henry is used the capacitance required 
for a 50-cycle wave-form is only 2-26 /tF, and even at 
20 cycles per sec. it is no more than U uF 

As ^ady pointed out, good-quality condensers are 
desirable.^ Al^ough the magnitude of the capacitance 
analysis calculations, it is desirable 
to Imow It fairly accurately as the rapidity of tuning of 


No particular manipulative skill is required in the use 
of the analyser, and the only observations necessary for 
the determination of any harmonic are (a) maximum 
va ne of theraionic-voltmeter reading, [h) terminal 
voltage, and (c) potentiometer ratio. 

(7) Selection OF Results Obtained. 

The analyser was applied to the analysis of the wave- 
i n Pyke-Harris alternator. The thermionic 
voltmeter was used for methods A and C, but it is 
somewhat difficult to adapt it to method B since a large 
resisW would have to be included in the resonance 
circuit. As a basis of comparison of the three methods, 
the circuit current was measured by a low-range dyna- 
mometer instrument. The curves representing E,, E., 
and Jii, plotted in Fig. 4, the calculated analysis being 

presented in Table 3. ^ ^ 
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All the odd harmonics up to the 23rd were measured 
by method C. In methods A and B the highest-order 
harmonic observed was the 13th. The reason for the 
greater range of method C as compared with method A 
is seen from the curves, which show that the condenser 
voltage is at least equal to the applied e.m.f., so that a 
small harmonic produces relatively little voltage rise 
across the condenser. The coil voltage, on the other 
hand, depends almost entirely upon the in-resonance 
harmonic, so that in this case the voltage rise is much 
more noticeable. For example, the curves show that 
for the 13th harmonic the voltage rise in method A is 
from 56 to 67 volts, i.e. approximately 20 per cent, 
whereas in method C it is from 9 to 46 volts, i.e. more than 
’400 per cent. Although method B compares un¬ 
favourably with method C, it should be understood that 
the apparatus used for the current measurement lacked 
the refinement of the thermionic voltmeter. Neverthe¬ 
less, better results cannot be obtained by method B 
using commercial instruments; and the results quoted do, 
in fact, establish that method C is the most suitable for 
development. 

Table 3. 


Comparison of Methods A, B, and C. 


Component 

Method A 

Method A 
(corrected) 

Method B 

Method C 

Fundamental 

100 

100 

100 

100 

3 rd harmonic 

16-20 

14-So 

14*9 

14-So 

6 th harmonic 

9-6o 

9*03 

9-46 

9*04 

7th harmonic 

3*9i 

3*32 

3-95 

3I5 

9 th harmonic 

2-44 

1*84 

2-03 

1-78, 

11 th harmonic ^ 

l- 8 o 


l*3g 

l-04o 

13th harmonic 

l- 2 i 

0*662 


0-62g 

15th harmonic 


-r 

— 

0-362 

17th harmonic 

— 

— 

— 

0-123 

19th harmonic 

— 

— 

— 

0-142 

21 st harmonic 

— 

— 

— 

0-0308 

23rd harmonic 




0-032i 


The analysis of the wave-form of the Pyke-Harris 
alternator was repeated after a period of some months. 
The results obtained were found to be in close agreement 
with those of the original analysis, the greatest difference 
between the two sets of values being not more than 
2 per cent. The normal frequency of the alternator was 
100 , but tests were performed at half speed and quarter 
speed, practically identical wave-forms being obtained. 

A useful application of the resonance analyser is to 
the measurement of the harmonic components of a 
tooth ripple in the wave-form. These components are 
of the order (2n ± 1), where n represents the number of 
armature slots per pole. It was found that such har¬ 
monics are almost invariably present, though the 
oscillograph often fails to discover them. A wave-form 
having a very pronounced tooth ripple was found to 
contain a 23rd harmonic of 1*01 per cent of the funda- - 
mental, and a 26th harmonic of 0*637 per cent of the 
fundamental. In another case the analysis of the wave¬ 
form of a rotary-convertor alternating current showed 


the tooth-ripple components to be the 29th and 31st 
harmonics, which were equal to 0*0064 0*0043 per 

cent of the fundamental respectively. 

From the results obtained three examples have been 
selected and their analyses are shown in Table 4. Par¬ 
ticulars will now be given of these examples:— 

Example [a). Voltage Wave-Form of ^()()-volt 25-cycle 
Single-Phase Rotary Convertor, 4 poles, 750 r.p.m. 

The only harmonics detected in the oscillogram of this 
wave-form were the 3rd and the 5th, of 2 • 5 and 1 * 4 per 
cent of the fundamental respectively. The analysis by 
the resonance method, however, revealed 16 harmonics, 
and a harmonic of the 119th order was measured. For 
measuring such high orders it is necessary to know very 
exactly the value of the capacitance included at resonance. 
This is naturally very small, and a minute error in its 


Table 4. 


Component 

Example (a) 

Example (5) 

Example {c) 

Fundamental 

100 

100 

100 

3rd harmonic .. 

2 *331 

— 

1-372 

6th harmonic .. 

0*967 

2-168 

0-473 

7th harmonic ... 

0-0798 

0*97i 

0-195 

9th harmonic .. 

O-I 260 

— 

0*0752 

11th harmonic .. 

0-0783 

0*204 

0*0683 

.13th harmonic .. 

0-0328 

0*1312 

0*0288 

16th harmonic .. 

0*0173 

— 

— 

17th harmonic .. 

< 0*004 

1*206 

0*0222 

19th harmonic .. 

< 0*004 

0*567 

0*012, 

21st harmonic .. 

0*0278 

— • 

— 

23rd harmonic .. 

0*0324 

— 

— 

25th harmonic .. 

0*030o 

— 

— 

37th harmonic .. 

— 

0*0208 

— 

41st harmonic .. 

O-OlOg 

— 

— 

47th harmonic .. 

0*0163 

-r 

— 

71st harmonic .. 

0*0123 

— 

— 

95th harmonic .. 

0*008i 

— 

- 

119th harmonic ... 

0*0074 




magnitude would result in the wrong order being assigned 
to the particular component under investigation. 

A test was performed with this convertor running at 
half speed, so that it generated a 12* 6-cycle wave-form . 
At this low frequency two additional components were 
detected, the 143rd and the 199th, of 0*00794 and 
0 * 00261 per cent of the fundamental respectively. 
These figures show that the equipment may be applied 
to the analysis of low-frequency wave-forms and that 
it will measure components of exceedingly small magni¬ 
tude; for the small 199th harmonic referred to would 
give an e.m.f. of 1*7 volts across a 0*6-henry inductance 
coil. This voltage could be measured with ease on a 
thermionic voltmeter. 

Example (b). Voltage Wave-Form of IQO-voU 50-cycle 
Z-phase Star-Connected, Alternate, 4 poles, 1600 
r.p.m. 

The absence of harmonics whose order is a multiple 
of 3 is in accordance with well-known theory. The 
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prominent 17 th and 19th harmonics are the tooth-ripple 
components, there being 9 armature slots per pole. 
As these two harmonics are of appreciable magnitude 
and high frequency (850 and 960 cycles per sec. respec- 
tivelj’') they might prove to be a serious source of 
interference with neighbouring telephone circuits. 

The alternator from which this wave-form was 
obtained is one of two similar machines used in laboratory 
back-to-back tests. The wave-form of the second 
machine was analysed and found to be within 1 per cent 
of that of the first for each harmonic. The machines 
are of the rotating-armature type, and, as is usual with 
this design, have no strong harmonics. The analysis 
of the wave-forms was repeated after an interval of 
several months, the results obtained agreeing almost 
exactly. 

Example {c). Wave-Form of Phase Voltage of Manchester 
Corporation 60-cycle Z-phase Supply. 

The phase voltage of this supply is approximately 
237 volts; it was stepped down by a suitable transformer 
before being analysed. Since the generating plant is of 
the most modem t 37 pe only small harmonics were to be 
expected. The analysis confirmed this prediction, for 
of the eight harmonics measured the largest was the 
third (1*4 per cent of the fundamental). It was thought 
that the wave-form of the supply might be subject to 
vaiiations during the day as the load varied. As a 
further test, therefore, the third harmonic was measured 
at intervals of 1 hour over a period of 26 hours. A very 
considerable variation in the magnitude of the harmonic 
was observed: it had a minimum value of 1 • IO 3 per cent 
of the fundamental at 8-30 a.m., and a maximum of 
l-64g per cent of the fundamental at 5.30 p.m. This 
test revealed another interesting feature: it was found 
that the supply frequency varied by about 1 per cent 
during the day. This was discovered by observing the 
capacitance required to produce resonance with the 
third harmonic, i.e. by making use of the principle of 
the resonance frequency-meter. 

The wave-forms analysed during the course of 
investigation varied greatly in respect of the number 
and magnitude of the harmonic components present. 
Wave-forms of frequencies ranging from 12-6 to 600 
were analysed. No difficulty was experienced under 
all these different conditions in obtaining an exhaustive 
analysis. 

(8) Conclusions. 

A convenient direct method of wave-form analysis 
would possess many advantages over the existing 
indirect methods. The resonance method should satisfy 
all the requirements for a suitable direct method. It 
has been criticised in the past oh the grounds that:— 

{a) Readings obtained for one harmonic are influenced 
by other harmonics.—-It was thought that the resultant 
error would be excessive unless a choking coil having 
a very low damping factor was employed. Such a coil 
would necessarily have either an iron core or an excessive 
amount of copper; in either case it would be very heavy. 

It may be shown, however (see Appendix I), that 
accuracy is obtainable by using a coil of only moderate 
weight. The error is greatly reduced by measuring the 


I voltage across the inductance coil instead of that across 
the condenser. 

(&) Difficulty arises in obtaining accurate readings for 
the peak values of the current, due to small variations from 
exact resonance frequency .—^With the arrangement em¬ 
bodying the thermionic voltmeter and continuously 
variable tuning, no difficulty was experienced in obtaining 
the peak values. The frequency of the e.m.f. under 
analysis may vary slightly, but the tuning is quite 
sharp enough to enable one to detect the true maximum 
point. 

(c) The effect of eddy-current losses in the iron and copper 
and of hysteresis losses in the iron and dielectric cause a 
change in effective resistance with frequency .—This 
assumes the use of an iron-core choking coil, but as an 
air-core coil may be employed the actual error can be 
made quite small. Measurements over a range of 
frequencies from 25 to 2 000 failed to disclose any change 
in the effective resistance of the coil. 

To summarize briefly the position of the resonance 
method, the investigation has demonstrated that 
(i) the most accurate results are obtained by measuring 
the voltage across the inductance coil; (ii) the method 
affords an accurate determination of harmonics of smalj 
magnitude, and is readily applicable to the measurement 
of high-order harmonics; (iii) it enables e.m.f. waves of 
frequencies up to at least 500 to be simply and rapidly 
analysed; (iv) it only demands the use of ordinary 
laboratory instruments; and (v) the analysis is in all 
cases accurate to within 1 per cent. 

The investigation recorded in this paper was carried 
out in the John Hopkinson Laboratories of Manchester 
University under the direction of Prof. R. Beattie, to 
whom the author is indebted for much valuable advice 
and also for permission to publish the results. 


APPENDIX I. 

Design of a Suitable Inductance Coil. 

The inductance coil should be designed to have a 
large time-constant. Provided the value of Lw/R 
exceeds 5, accurate results may in general be obtained, 
although a larger value is desirable. If a coil is to have 
maximum inductance for a given resistance its propor¬ 
tions must be those suggested by C. J. Maxwell.The 
coil is then of the form represented in Fig. 6 , where 

47/27 
D = 3-7a 

A coil of these proportions can be designed so as to 
have any required inductance. As an example, the 
design of a 0 - 6 -henry inductance coil will be con¬ 
sidered; the method followed is that given by Sir Ambrose 
Fleming.f 

From the formula of Mascart and Jouberts 

L — . . . . . (i) 

where the inductance £ is measured in aibsolute units 
and N is the total number of turns. 

^ t (39). 
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Let I == total length of wire, 

d = diameter of the bare wire, 
and d' = diameter of the covered wire. 

Then Z == . . . 

and a = '\/(N)d' . . 

But D = 

Substituting this value for D in equation (i) 

= 36d'2^5/2 .... 


The resistance is now calculated, and found to be 
given by 

B = 15*25 ohms 

Hence the amplification factor of the coil at 50 cycles 
(iii) psr sec. is 

Lo) 0 • 5 X 27r X 50 _ g 

15*25 ■“ 


It is now necessary to decide upon the gauge of wire 
to be used. That chosen must be capable of carrying 





a current of, say, 1 ampere, so that the diameter should 
at least exceed 0 • 030 in. Let us first consider 0 • 048-in. 
diameter double-cotton-covered wire (No. 18 S.W.G.). 

Diameter =s 1*219 mm 
» d' = 1*473 mm 

The number of turns may be calculated from equation (iv). 

For 0*5 X 10® = 36 X 0*1473 X 
whence = 10^®/106 

Therefore N = lOVlOC®/® 

= 1 550 turns 

Now D = 3*7v'(JV)cZ'= 21*5cm 

also Z == TrDJV — 105 000 cm* 

* The weight of 1050 metres of 0-048 in. copper wire is 24 lb. 



34 24 12 


0 0^036 



0-044 0*052 

Diameter of wire, inches 


and the amplification factor exceeds 5 for frequencies 
above 24. 

By a similar procedure the characteristics of coils 
wound with wire of various diameters may be examined. 
The constants for a number of such coils are given in 
Table 5 . 


Table 5. 


d' ( = diameter of d.c.c. wire, in mm) 

N (== number of turns) .. .. .. 

D (= diameter of coil, in cm) .. 

Z (« total length of wire, in metres) 

JR (=s resistance of coil, in ohms) .. .. 

Amplification factor at 50 cycles per sec. .. 
Minimum frequency for an amplification 
factor of 5 

Weight of copper, in lb. 


1*164 
1 700 
17*7 
950 
24*45 
6*42 
39*0 


0-048 in. 
(No. 18 S.W.G.) 

0-062 in. 

0-056 in, 

(No. 17 S.WrG.) 

■ ■ 

0-060 in. 

0-064 in. 

(No. 16 S.W.G.) 

1*473 

1*571 

1-672 

1*774 

1*876 

1 550 

1 510 

i470 

1435 

1 405 

21*5 

22*6 

23*7 

24*8 

26*0 

1 050 

1072 

1095 

1117 

1 144 

15*25 

13*25 

11 * 66 

10* 35 

9*44 

10*3 

11*85 

13*47 

16*17 

16*63 

24*3 

21*1 

18*6 

16‘5 

16*0 

24*0 

28*8 

34*1 

40*0 

46*5 
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In Fig. 6 curves are plotted to show the variation 
with the gauge of wire of {a) weight of coil, ( 6 ) amplifica¬ 
tion factor at 50 cycles per sec., and (c) lowest frequency 
at which the amplification factor exceeds 5 . 

These curves are of assistance in deciding upon the 
gauge of wire with which to wind the coil. A com¬ 
promise must clearly be made between a heavy coil 
of high amplification factor and a light coil of low 
amplification factor. 

A suitable size of wire to employ for the 0* 5-henry 
coil would be 0*054 in. This size having been decided 
upon, the details of the coil may be calculated by the 
method given above. The figures obtained are:— 


Number of turns 
Diameter of coil 
Total length of wire 
Resistance of coil 
Amplification factor at 50 cycles 
per sec. 

Minimum frequency for an am¬ 
plification factor of 5 
Weight of copper 


= 1 490 
= 23*15 cm 
= 1 083 m 
= 12*55 ohms 

= 12*5 


= 20 

= 31*7 lb. 


Such a coil would be of small bulk, and the analyser in 
which it was incorporated would have the advantage of 
being semi-portable. 


APPENDIX II. 


Date. 


Specimen Observation Sheet. 

Frequency = 100 Circuit resistance == 10* 8 q ohms 

Inductance of coil = 0*332 Amplification factor (LcofR) = 19*3 


Wave-Form.. 


Order of 
harmonic 

iJi 

(ohms) 

(ohms) 

Terminal 
voltage (JB) 

Deflection of 
thermionic 
voltmeter 

Volts 

measured 

Coil voltage 

(^i) 

Magnitude of 
harmonic 


as percentage 
of fundamental 

3 

X lO-s 

X 10 -s 

volts 





per cent 


10*4 

1*4 

23-40 

129*8 

3-73 

27-70 

0*478 

2-04o 

2-060 

5 

10*1 

0-1 

23-4o 

95*4 

2*76 

275-0 

2-860 

12-17 

12*30 

7 

10-2 

0*2 

23-48 

108*4 

3*06 

166*6 

Mis 

4*75o 

4*80 

9 

10*2 

0*2 

23-48 

89*7 

2*60 

132*8 

0-768 

3-265 

3-30 

11 

13 

10-2 

10-6 

0*2 

0*6 

23'48 

35-Vo 

122*8 

140*2 

3*36 

3*66 

171*0 

76*3 

0*806 

0*304 

3*445 

0*852 

3*48 

0*861 

15 

10-7 

0*7 

36-To 

147*3 

3*76 

57*3 

0*198 

0*654 

0*560 

17 

10-8 

2*8 

35-78 

125*7 

3*40 

13*12 

0*0406 

0*113g 

0*1534 

0*1156 

19 

10-9 

1*9 

36-78 

130*6 

3*49 

20*04 

0*0647 

0*1556 

21 

10-8 

1*8 

35-78 

142*8 

3*69 

22*14 

0*064, 

0*1534 

0*1556 

23 

10-8 

2*8 

36-82 

142*1 

3*68 

14*20 

0*0320 

0*0891 

0*0900 

26 

10-0 

8*0 

35-82 

135*3 

3*57 

4*46 

0*00923 

0*02575 

0*0260 

27 

10-0 

6*0 

35-82 

141*4 

3*67 

6*12 

0*01175 

0*03275 

0*0331 

37 

10-0 

10*0 

35-82 

108*0 

3*04 

3*04 

0*0042q 

0*01188 

0*0120 


The value of the measured voltage is read off from 
the calibration curve of the thermionic voltmeter. 

Then = RJE^ = measured voltage 

and •£^m = ^j&/19*3m = 0*0518jBi/m 


The magnitude of the fundamental as calculated from 
a knowledge of . the harmonics is 99*0 per cent of the 
effective value. 
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THE CAPACITANCE OF A GUARD-RING SPHERE-GAP.* 


By G. Yoganandam, B.E., Graduate. 


{Paper received 2Zrd November, 1931.) 


Summary. 

" Formulae for the capacitance of a guard-ring sphere-gap 
are derived by the method due to G. R. Dean {Physical 
Review, 1913, vol. 1, p. 316) in which a solution of Laplace*s 
equation is employed, and also by the well-known method 
of point charges (A. Russell, ** Alternating Currents/* 
vol. 1, p. 236). Expressions suitable for computation are 
given for the practical case of equal spheres. A few numerical 
examples are also given, together with the measured values 
of the capacitance of a 60-cm guard-ring sphere-gap. 


Introduction. 

An important use of the guard-ring sphere-gap is the 
measurement of high crest voltages, with the aid of a 
rectifier circuit. In high-tension bridge measurements 
the gap finds an equally important application as a 
standard capacitance. In the author’s opinion these 
applications amply justify the predetermination of the 
capacitance of such a gap. The problem of two electri¬ 
fied spheres has been almost completely solved by Dr. 
Alexander Russell, and it is chiefly with the help of his 
formulae for the capacitance coejS&cients that the author 
has derived expressions for the capacitance of the guard¬ 
ring sphere-gap. 


Derivation of Formulae. 


The capacitance of a guard-ring sphere-gap may be 
defined as the charge on the spherical cap forming part 



A and B are the inverse points. 

AB« 2 r. 

In bipolar co-ordinates about A and B the equations to the circles which are 


of the sphere which is kept at zero potential, the other 
sphere being at unit potential. 

Method 1.—Referring to Fig. 1, let the sphere 
(ij = —^ be at zero potential, while the other sphere is 


• He Pajra Committee invite wntten oommunications, for oonsideiatiot 
Witt a view to puWicatioa, on papers published in the Jmrml without bSs 
^ at« n»etmg. Coimnimcatious (except those from abroad) should r^ 

»fter'publication S 


maintained at unit potential. Then by Dean’s method, 
the charge on the circular elementary area, shown shaded 
in Fig. 1, is given by 


dQ = — -f- 1) cosech [m 

“-o (cos sin 

VLS (cosh ^ — cos 


• ( 1 ) 


The charge on the spherical cap MDN is therefore given by 
00 

^ ~ Q I fern mip) + 

■}] • '“> 


+ .. 

where 




_^ d^Pmip) ] 

1.3 ... (2m + 1) V 


° n +m -[-1. n -H, |(1-^)] 


7% = (2m -f 1) cosech (m + J)co . e 

y = V'[2(cosli^-^)], and/i = cos^:^ l-^h^cosd 

cosn p — cos tf 

Putting A = -v/[2 (coshjS -1- 1)], (2) may be written 
thus:— 


K = — Jr [^^(A — y) -f A -f JA® — y/i — Jy3) 

+ ft# - A®-I-JA® - _ iyS) 

+ •••]. (3) 

Equal Spheres, —When the spheres are equal we have 
a = ^ and co = 2a. The above series is rapidly con¬ 
vergent for large values of a, and is suitable for computa¬ 
tion when a or dja is greater than unity. 

For example, if a == 1 [dJa =* 1*0862) and 9 = 33®, 

jT == _ 0-58760a(0* 14194 — 0* 01290 + 0*00044 . . .) 

= - 0*07608a 


If the spheres are very close together, the following 
formula gives approximate results:— 

For example, if d/a = d/b = 0-0001, and 0 = 33®, 

K = - 2-02o 

(2 ■ 03a is nearer the correct value.) 

For the case of equal spheres, expanding each term in 
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equation (1) in powers of e'~®(== x), and making use of the 
relation 

eo ^ 1 __ /p2 

-t- l)®™P«(At) = (1 ^ a:® - 

it can be shown, after regrouping the terms and simpli¬ 
fying, that the capacitance of the sphere-gap is given by 

r . ■ _ sinh 3a 

^^L(cosh 3a — cosh a) (cosh 3a — 

_ sinh 7a H 

(cosh 7a — cosh a)(cosh 7a — ’ * J 

where and /ci .2 are the capacitance coeflBLcients of 
the spheres. It will be shown that the above expression 
is identical with the following expressions derived by the 
method of point charges. 


/sphere at 
/unit potential 




X « T— sin 6 . d<j) 

Jq i:7T\dxJx^b 

<X> 

iF + gn n _ ^1. 
T ^L(l - ^)nCOs2|0)iJ 


fcl.l T- 


where Pn = and 

The above expression will be identical with (5) if we 
substitute 


1 — jLC cosh a 
cosh a — a 


= cos 6 


The series within brackets is rapidly convergent only 
for large values of (c — a — 6), and for such values the 
following formula may be used:— 


js:= - 


' + J(1 - Pa cos® 


[fci. 1 -h fci. 2 — (?o "I" 2 i)Si — ( 3 i + 32)^2 ■ • 

where = sech 

S _ 1 / I -PnOOsH^ \* 
and o« -1 ~ Vl-p„cos2^W 

Even when d is small compared with a or 6, the above 
series is sufficiently convergent for practical purposes, 
and is suitable for computation in the slightly different 
form given below. 

n=n 

^ 1.1 + ^ 1.2 — ^ ] (3n-x + 2») 

rr ^1.1 — ^1-2 , __ «-l _ 

2 ■ 2(1 — J)oCOsS 

,1^ + — . (8) 
+ ^ 2 ^( 1 cos® i0)* 

fci.i and l:i ,2 in the above expressions are easily com¬ 
puted to a high degree of accuracy by the formulae given 
by Alexander Russell.* 

The formulas for the particular case of equal spheres 
are given in the Appendix to this paper. 

Equal Spheres,-— 'When the spheres are equal and 
dja <0-5, formula (7) may be used. For example, with 
a = j8=: 1 and^= 33®, 
ijC |a[-l-50943+0-27700“i 

{0‘76180—0-04735—0*000094.. .}]=—0*07608a (fl^) 

which agrees with the result given by (3). 

If dia < 0 * 1, taking the first three terms of the series 
in (8) involves a maximum inaccuracy of less than 1 part 
in 1 000, while 4 terms give an accuracy of at least 
^ parts in 10 000. The accuracy is greater for higher 
values of d/a. For example, if a = 0*3 (d/a = 0*09066) 
and 0 = 33®, 

iiC = — 0*3959a . . . . . (&) 

If the spheres are almost touching, the following 
formula gives an accuracy of 1 part in 1 000, provided 
that 0 is not very smaU:-— / 


where 


Sphere at 
2ero potential 


ffo, ffi. • fi'n . • • and gj .. . ... are point charges placed at 

Aq, Aj, ... A,t, and Bj, Bg, ... B,^, respectively. 

_ . asinhww 6. sinhRn — 1) 

(yp = x, - 

a sinh a ^ t _ g sinh a _ . o 

^"“"sinh(?iw + a)' ~ sinhnai 

(c - &»)g„ « a^l (c - gn- i)&n “ Other data as in Fig. 1. 

Method 2.—Following the method of point charges 
(see Fig. 2), the potential at any point P is given by 

^ “ Zj(»® + bn- 2a:6„ cos <f>)i 

__ 3»-i _ 

[*2-t-(c — o„-l)® — 2a!(c. - %_l) cos 

and the electric force on the surface of the sphere of 
radius b is given by 

jfdv\ g«(& — K cos <l>) 


„ h.i — h.2 , 


_ g«(P — 0» cos <p) 

(62 +6|- 266„cos^)®/® 

g„[6 - (c - o„-i) cos <f\ 

[62 + (c - %_i)2 - 26(c - a„^ cos ^j®/® 

The capacitance of the guard-ring sphere-gap is therefore 
given by 


-fca;2,gr 0- 

2 ’^2L(c/a- 


0-1530 

(c/a—2 cos 6)^ 
0-6833 , 


1-500 0-6833 0-3667 | 

( 5-4 cos 0)1''' (26 -24 cos 0)C (61 - 60 cos 5)i J 
For example, when a = 0-01 and 6 = 33*, 

1J: = — 2-0310 

» A. RussEU.: “Alteniattog Currents,” TOl. ). J?P- ®®?;®fo’ 
ings of the Physical Society of London^ 1922-23, vol. 35, pp. 18-19. 
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Experimental Results .—^The capacitance of a 60-cm 
guard-ring sphere-gap supplied by Messrs. Emile Haefely 
and Co. (the earthed electrode is only a hemisphere and 
6 = 33° approximately) was measured with the high- 
voltage Schering bridge for two values of a, viz. 0*3 
and 1, and values of 11'ljU-ju.F and 2*17^^F respec¬ 
tively were obtained, while expressions (a) and (6) give 
10 • 99 /x/xF and 2*11 /x/xF respectively. 

It is seen that the formulae given above yield results 
which are sufficiently in agreement with the observed 
values to be of practical utility. 

Appendix. 

The following formulae due to Dr. Alexander Russell 
may be used for the evaluation of Tci,i — 

^ 1.1 + ^ 1.2 ill "til® case of equal spheres. 

{a) If dja <0-1, 

Toi.i - Jci.2 = |(l + ^)(2-5407 + log,^ + 1) 

*^i.i + fci.2 = 5(l+^)(l-3863 -A) 


The accuracy of these formulae is 1 in 10 000. 
(b) If I > dla> 0-1, 


hi .1— Jki . 2 


.. .}] 


where a? = e’'“. 


(c) If d/a > 1, . 

7 7 1 1 1 . i \ 

^1.1 - + 1/ 

&1.1 + fcl.2 = «(l - I + ^ - ^ + ^ + l) 

where ^ = cja. 

The accuracy of these formulae is 1 in 10 000. 


DISCUSSION ON 

"THE TECHNIQUE OF THE HIGH-SPEED CATHODE-RAY OSCILLOGRAPH.”* 


Dr. JT. L. Miller {communicated ): Since the advent of 
the original Dufour oscillograph, several others of some¬ 
what similar t 3 q)e have been developed by independent 
worker. These, having been designed with different 
ends in view, vary considerably even in their major 
points, and probably no two laboratories have the same 
osciUograph equipment. This is particularly the case as 
regards the timing and synchronization circuits. The 
authors, in their valuable contribution to the technique 
of cathode-ray oscillography, have described in more 
than usual detail the methods they adopted in ovej^ 
coming their difficulties, and the variations best suited 
to their own requirements. In fact, as one who has been 
engaged recently in the development of a high-voltage 
cathode-ray osciUograph in the Feixanti Research 
Laboratories, l am fully conversant with the difficulties 
and pitfalls, and I feel that the authors are to be con¬ 
gratulated on their very successful researches. Our 
osciUograph, during its development, gave rise to many 
of the problems described by the authors. In some cases 
^e solution was simUax to that adopted by them, whUe 
m other cases the final result was quite different. Deal¬ 
ing with discharge tubes first, we have experienced with 
o^ own glass tubes most of the difficulties described by 
^e authors, and, in fact, I am rather relieved to know 
that they have happened to other people. We overcame 
» Messrs. F.P. Burch and R.V. WHELPTON (see page 


our heating problems by water-cooling the anode and 
arranging for a quick stream of compressed air to flow 
round a duct in the cathode and cathode stem. With 
our glass discharge tubes, we generally use a discharge 
current of 1 mA, and we once had the experience of a 
tube which normally would run at anything between 
0 and 4 mA, but which on certain occasions would run 
only below 1 mA, and yet on other occasions would run 
only above 1 mA. In the latter two cases outside the 
temporary range of operation the cathode ray was 
unsteady, and the discharge tube adjacent to the cathode 
was brightly lit up. The trouble here was found to be 
due to the presence of foreign vapours in the apparatus, 
the effect being controlled to some extent by the tempera¬ 
ture. With regard to the general design of discharge 
tubes, we find it advantageous so to dispose the insulation 
about the cathode that a highly concentrated pre-anode 
beam results. The requisite post-anode energy can then 
be obtained with the minimum size of anode hole, and 
this directly assists in obtaining the smallest spot. The 
glass discharge tube used in obtaining the oscillogram 
shown in Fig. A was designed with this principle in 
view, and it is seen iffiat a fine trace results. In addition 
to our glass discharge tube, with which all our previous 
work has been done, we have an experimental tube 
whose cathode is surrounded by a shaped metal cup. 
The latter is insulated from the cathode and runs at 
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free potential, yielding a highly concentrated beam. 
With this arrangement, for the same size of anode hole 
and for the same post anode current, the discharge 
current is about one-tenth that required with the glass 
discharge tube; a feature of this tube is that it will run 
satisfactorily at low values of discharge current, thus 
minimizing heating difficulties. It will operate, if 
desired, with the cup at cathode potential, but a loss of 
concentration results. The high efficiency, the shielding 
of all insulation from bombardment and high electric 
stress, and the.stabilizing ejffect of a conducting shield 
surrounding the cathode, are strong points in favour of 
the use of such a design. I should be interested to 
know whether the authors have tried such an arrange¬ 
ment in conjunction with their own tube. The authors 
state that they run. their tube at 40 to 45 kV, and I 




Fig. a. 


should be interested to know whether the design shown 
in Fig. 2 will operate at, say, 65 kV, or whether 46 kV 
is its limit. For phenomena having a total duration of 
sec., say, we find it desirable to use about 55 kV, 
although admittedly for transformer and insulator work 
such high speeds are normally needless. To be able to 
record down to 10”® sec., however, is useful when 
carrying out work on the oscillograph's own sweeping 
and tripping circuits, and for such purposes I am of the 
opinion that a voltage somewhat greater than 45 kV is 
desirable. In this connection it would be interesting to 
know the value of the current in the post-anode beam 
in the authors' oscillograph. In our case a few micro¬ 
amperes serve to give a very satisfactory trace. For 
very long transients it would be interesting to know 
whether the authors take any steps to reduce the post¬ 
anode beam current. This question arises out of the 
fact that the trace in Fig. 9, which is the longest time- 
• base shown, is a little thicker than in the other records. 
As was pointed out in a previous discussion, we 
prevent fogging of the photographic plate by means of a 
trap which releases and withdraws the ray at the be¬ 
ginning and end of the records. Ours difiers frqm^ t^^^ 
authors', however, in that we use only one set of plates 
and two diaphragms, and this simpler arrangement helps 
to keep down the total length of .the oscillograph. In 
our case the total length from the base tb, the anode is 
86 cm, conipared with the authors' 151 cm, and this has 


certain, though not necessarily marked, advantages. 
Some time ago we considered the possibility of employ¬ 
ing a double-plate system, but refrained from doing 
so in view of the fact that increase in capacitance and 
the addition of further resistance by increasing the time • 
constant of the circuit might nullify the advantages 
gained. Having had no experience ojE the arrangement 
it is difficult to know which method is preferable, but if 
the authors have used a single-plate system as well 
perhaps they would give their views. The system used 
by us fulfils our own requirements. Regarding the 
authors' remarks on electric and magnetic fields in 
opposition, we too have observed loss of definition from 
this cause, and recently the difficulty has been avoided 
by providing the plate holder with mechanical movement 
in two directions, so that the zero position of the beam 
can be brought to any desired position on the photo¬ 
graphic plate. The movement is effected from outside 
the vacuum. In this way the definition of the trace is 
maintained and distortion prevented in cases where 
normally a strong constant magnetic field would be 
used to bias the trace; for instance, one sometimes wants 
to put a timing oscillation on the edge of the plate so 
that it will not interfere with the rest of the oscillogram. 
Many other cases arise. Regarding the authors' state¬ 
ment that they preferred to treat every artificial surge 
as uncontrolled," I am of the opinion that in a 
laboratory where the surge can be " controlled" their 
method introduces avoidable complication in a paxt of 
the equipment where as much simplicity as possible is 
desirable. It would be interesting, therefore, if the 
authors gave, at any rate, some of the reasons which 
led them to adopt this method of operation. We use a 
rather different-arrangement. For work up to 20 kV, 
the same voltage operates the ray release circuit, the 
sweep circuit, and the transient circuit through a 
common spark-gap. Time-lag is obtained by a double 
overhead line having a surge impedance of 450 ohms. 
One advantage of this arrangement is that, due to the 
greater simplicity, the three circuits can be so disposed 
that mutual coupling between them can be practically 
eliminated, and so far we have found it unnecessary to 
rely on screening. For higher impulses, the small surge 
generator is arranged to trip a separate high-voltage 
surge generator. The delay in this case can be obtained 
either by placing the double line on the Hgh-voltage 
,side (after Krug) or using it as the connection between 
the low- and high-voltage generators. In this way 
the oscillograph with its equipment is very flexible and 
is capable of being used on probably every type of 
problem, with the exception of artificial or real lightning 
investigations on transmission lines. 

Messrs F. P. Burch and R. Vv Whelpton (m 
reply): The irregular behaviour of a discharge tube 
mentioned by Dr. 3® ^ave not 

experienced anything exactly like it. We have had 
instability due to the decomposition of grease or fluff, 
with consequent evolution of large quantities of vapour, 
but our experience has hot led us to suppose that a 
moderate and steady pressure of foreign vapour would 
be harmful We have not used the arrangement of an 
insulated metal cup surrounding the cathode. In many, 
probably most, of our oscillograms, the spot on the 
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film is the focused image, not of the 1-mm anode hole, 
but of the narrowest section of the cathode*ray beam, 
wherever that may be (perhaps at the cathode, perhaps 
in the neighbourhood of the anode). The fineness of 
the trace then depends to a great extent on the age 
(i.e. the amount of pitting) of the cathode. In this 
connection reference should be made to the discovery 
by de Laszlo and Cosslett* that the beam from an aged 
cathode has a hollow structure with a central core. 
This is, no doubt, the explanation of the fact that the 
trace of the timing wave in our Fig. 8 is double, and that 
we have had many traces which consist of three fine 
lines close together. With regard to the general question 
of beam intensity, we consider that a fuller investigation 
is desirable both of the electrostatic focusing action, and 
of the diameter of the beam at its narrowest point, in 
tubes such as that shown in our Fig. 2 and the arrange¬ 
ment With the cathode hood used by Dr. Miller. The 
tube shown in Fig. 2 operates stably from 8*5 kV to 
60 kV (the highest voltage tried), and with currents 
from 0*3 mA or less up to several milliamperes. The 
electron current reaching the photographic film depends, 
of course, on the angular diameter of the beam selected 
by the central diaphragm; with a beam of 0*009 radian 
and a discharge current of 1 mA the current in the 
recording spot is 28 juA at a cathode voltage of 42*6 kV, 
and 36 j^A at 60 kV. With 45 kV and 1 nxA we have 
recorded oscillations of 4*5-m wavelength. Except for 
the highest speeds it is certainly desirable to reduce the 
post-anode beam current; as Dr. Miller surmises, this 
was not done in Fig. 9. 

We have not made a thorough trial of a beam-trap 
having one. pair of plates only, and are interested to 
learn that Dr. Miller finds it satisfactory. The two-stage 
trap commended itself to us partly because of the comr 
pleteness of trapping of stray electrons, but principally 
because when the plates are cross-connected, after 
Gabor, a small voltage, insufficient to trap, gives no 
resultant defiection. Thus the distorting efiects of 

♦ Nature^ 1932, vol. 130, p. 69. 


oscillatory currents in the trip circuit, which sometimes 
manifest themselves at the very beginning of the record, 
are reduced to a minimum. The length of our oscillo¬ 
graph was determined, not by the length of the beam- 
trap, but by the high deflectional sensitivity required, 
combined with the fact that we wished to place the 
focusing coil midway between anode and film—Busch's 
condition for the sharpest focus.* If very high writing 
speeds were not desired, a beam of small angular diver¬ 
gence could be used. One could then depart from 
Busch's condition, bringing the discharge tube nearer 
to the focusing coil. The length of the oscillograph 
could thus be reduced by an amount depending on the 
angular aperture required in the beam and the loss of 
focus permissible. It is possiblei that these factors, and 
not the length of the beam-trap, would set the limit. 
Our own instrument could be shortened by some 30 cm 
before a single-stage trap became necessary. 

We cannot agree with Dr. Miller that it is preferable, 
to treat laboratory surges as controlled." Certainly 
when the voltage of the surge is of the same order as 
the sweep-deflection voltage this method is simpler, but 
this is seldom the case in practical work. The 1 000-kV 
impulse generator which represented our principal 
problem has four stages only. To " control" it would 
require the application of an impulse sufficient to trip 
with certainty a pre-stressed 250-kV gap. At least 
60 kV—^probably 100 kV—would be needed. The 
circuits would certainly be no simpler in principle than 
those which we use, and being of high voltage they would 
be enormously bulkier and more expensive. This con¬ 
sideration, together with the conviction that we should 
sooner or later require to record some phenomenon which 
could not possibly be " controlled," decided us in favour 
of the " automatic" method of working. The latter 
conviction has been justified; we have had occasion to 
investigate the behaviour of the voltage in the fraction 
of a microsecond immediately preceding a 60-cycle 
spark-over, 

♦ Arckivfiir Elcktrotechmk, 1927,;,vol. 18,[p. 683. 
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Summer Meeting, 1933. 

The Council have cordially accepted an invitation from 
the Committee of the Western Local Centre to hold the 
next Summer Meeting in that district. Full particulars 
will be circulated in due course to all members . 

Electrical Engineers’ Ball. 

The next Electrical Engineers’ Ball will be held at 
Grosvenor House, Park Lane, W., on Friday, 17th 
February, 1933, the day after the Annual Dinner of the 
Institution. Any surplus that may be available after 
defraying the cost of the function will be handed over to 
the I.E.E. Benevolent Fund. The Committee of that 
Fund, under whose auspices the function will in future 
be managed, will have the co-operation of the former 
Ball Committee, and the detailed arrangeinents for the 
forthcoming Ball will be in the hands of an Executive 
Committee consisting of representatives of the Benevolent 
Fund Committee and of the Ball Committee. The 
functipn, which should not be confused with the Ball to 
be held on the 18th November by the Electrical Trades 
Benevolent Institution, will be on the same lines as 
those of the previous Electrical Engineers’ Balls. These 
have in the past been so well attended that the demand 
for tickets has always exceeded the number available. 
The arrangeniejits for the distribution of tickets on the 
present occasion will be announced later. 

Conversazione of Overseas Members. 

A conversazione of members from overseas and their 
ladies was held at the Institution on Wednesday, the 
22nd June last. About 120 members and ladies were 
present. 

After a reception by the President and Council, short 
addresses dealing with recent developments in electrical 
progress in Great Britain were delivered in the Lecture 
Theatre by Sir Archibald Page (Past-President) on The 
Grid,” Sir Thomas F. Purves (Past-President) on 
” Transatlantic Telephony,’’ and Mr. Noel Ashbridge 
(Chief Engineer of the B.B.C.) on ” Broadcasting To¬ 
day,” The proceedings concluded with a reunion in the 
Library. 

Among those who accepted the Council’s invitation 
were the following: Mr. J. W. Atkins (India), Mr. J. 
Aylmer (Ceylon), Mr. M. Barr (U.S.A.), Mr* J. W. A. 
Binner (Colombia, S. America), Mr. F. Brand (Fedei^ted 
Malay States), Mr. W. K. Brasher (Iraq), Mr. H. S. Buliey 
(India), Major W. H. C. Coates (India), Mr. J Hardman 
(Johore, Malay), Mr. E. Harper (Ceylon), Mr. R. Heaih 
(India), Mr. C. S. Jeftey (Australia), Mr. F. E. Kennard 
(Ceylon), Mr. H. J. Loughlin (India), Mr. C. H. Mellor 
(China), Mr. P. L. Newman (New Zealand), Mr. F. L. Otter 
(India), Mr. G. R. Paine (Australia), Mr. Bernard Price 
(Transvaal), Mr. A. B. Raworth (Chit^ G. Seeley 


(Australia), Mr. J. H. Waters (India), Mr. D. P. Welman 
(British West Indies), Mr. J. S. Whitney (China), Mr. 
W, L. Wh3d:e (Federated Malay States), Mr. R. A. 
Williams (China), Mr. H. D. Wolstenholme (Australia), 
and Mr. R. F. Woods (India). 

It is proposed to hold similar functions in future years 
in May or June, and members from overseas likely to be 
in this country about that time are requested to notify 
the Secretary in order that they may be supplied with 
particulars of the arrangements. 

Discussions at Meetings. 

The Council desire again to remind the members 
; that verbal contributions to the discussions at meetings 
! should not be read from manuscript, the view being held 
: that the presentation of remarks in this manner is con¬ 
trary to the true spirit of a ” discussion,” and that con¬ 
tributions in manuscript should, more appropriately, be 
sent to the Secretary for publication in the Journal as 
” communicated remarks.” 

Annual Tables of Constants and Numerical Data. 

Constants and data relating to the subjects of Elec¬ 
tricity, Magnetism, and Electrochemistry, have just 
been reprinted from Volumes VIII (1927-1928) and IX 
; (1929) of the above Tables, all explanations being given 
in both English and French. The reprint consists of 
over 500 pages, and members of the Institution can 
' obtain bound copies at a reduced price of £114s. (instead 
of £2 5s.). All orders and inquiries should be sent to 
Dr. Charles Marie, 9 Rue de Bagneux, Paris VI®. 

Engineers’ German Circle. 

The Engineers’ German Circle (Deutscher Ingenieur- 
zirkel in London) was formed in 1931, with the joint 
support of the Institution of Mechanical Engineers and 
of the Verein Deutscher Ingenieure, to further the study 
bf technical German, to give opportunities of hearing 
lectures in German by eminent German-speaking technical 
men, and to bring together engineers interested in Conti¬ 
nental technical developments. Meetings are held at 
the Institution of Mechanical Engineers about once every 
four weeks during the session, bn Mondays at 6 p.m. 
Members meet for tea and social intercourse from 
5.16 p.m. The lectures are, as far as possible, illustrated 
with lantern slides, in order to help the members to under¬ 
stand better the technical terms involved; and as a rule, 
they last about 40 minutes, which allows time for a short 
discussion in German to follow. The lecturers are asked 
to use simple language and to speak slowly for the benefit 
of those not very familar with German. The present 
session opened on the 10th October. The subscription 
to the Circle is 6s. a year, and the Secretary is Mr. H. P. 
Spratt, Science Museum, London, S.W.7. 
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Accessions to the Reference Library. 
Smythe, W. R., PJhB., and Michels, W. C., Ph.D. 
Advanced electrical measurements. 

8vo. 250 pp. New Yoyk, 1932 
SouTHCOMBE, J. E., M.Sc. Lubricating oil tests and 
their significance. 8vo. 87 pp. London, [1932] 
Spencer, H. A., M,R.C,S. Lightning, lightning-stroke, 
and its treatment, sm. 8vo. 100 pp. London, 1932 
Stager, H., Dr. Elektrotechnische Isoliermaterialien. 
[Chemie in Einzeldarstellnngen; herausgegeben von 
J. Schmidt, Bd. 15.] 8vo. 354 pp. Stuttgart, 1931 
Stockinger, K. Eie Hochspannungsfreileitung. ihr 
Darchhang, ihre Stutzpunkte, ihre Fundierung nnd 
deren Berechnung. 8vo. 131 pp. Berlin, 1931 
Stranger, R., pseudonym.. The mathematics of wire¬ 
less. 8vo. 201 pp. London, [1932] 

_The outline of wireless for the man in the street. 

8vo. 832 pp. London, [1932] 
Toft, L., M.Sc., and Kersey, A. T. J. Theory of 
machines. A textbook covering the syllabuses of 
the B.Sc.(Eng.), A.M.Inst.C.E., and A.M.I.Mech.E. 
examinations in this subject. 2nd ed. 

8vo. 417 pp. London, 1932 
-, and McKay, A. D. D., M.A. Practical mathe¬ 
matics. A textbook covering the syllabus of the 
B.Sc. examinations in this subject. 

8vo. 599 pp. London, 1931 
Torices, F., and Curchod, A. Schemas^ et regies 
prati<iues de bobinage des machines electri<iues. 
3e 6d. sm. 8vo. 164 pp. Paris, 1932 

Van Brunt, G. A., and Roe, A. C. Rewinding data for 
direct-current armatures. 

8vo. 221 pp. New York, 1932 
Van Vleck, J. H. The theory of electric and magnetic 
susceptibilities. 8vo. 395 pp. Oxford, 1932 

Vigoureux, j. E. P., M.Sc. Quartz resonators and oscil¬ 
lators. [Radio Research Board.] 8vo. 217 pp. 

London, 1931 


Waghorn, C. H. Electricity for architects. 

sm. 8vo. 157 pp. London, 1930 

Walker, G. T., M.A., Sc.D.. F.R.S, Outlines of the 
theory of electromagnetism. I^ectures delivered at 
the Calcutta University. 

8vo. 60 pp. Cambridge, 1910 

War Office. Textbook of electrical engineering. 

8vo. 545 pp. London, 1931 

Waterhouse, L. M. Wiring systems. Containing 
detailed descriptions and helpful suggestions ... for 
the electrical equipment of buildings. 

8vo. 172 pp. London, 1932 

Webel, a. a German-English technical and scientific 

dictionary. la. 8vo. 899 pp. London, 1930 

West, W. Acoustical engineering. The theory of 
sound and its applications to telephone and 
architectural engineering and to acoustical meas¬ 
urements and research. 

8vo. 349 pp. London, 1932 

Whitehead, S., M.A . Dielectric phenomena, [vol.] 3: 
Breakdown of solid dielectrics. Edited, with a 
preface, by E. B. Wedmore. Published for the 
British Electrical and Allied Industries Research 
Association, being Ref. L/T42. 

8vo. 346 pp. London, 1932 

WiNNiG, K. Die Freileitungslinien und ihre statische 
Berechnung. 

sm. 8vo. 272 pp., 12 pi. Berlin, 1931 

Woodson, J. C. Electric heating. 

sm. 8vo. 141 pp. Scranton, Pa., [1931] 
World Power Conference. Barcelona Sectional 
Meeting, 1929. Transactions. 2 vol. 

la. 8vo. Madrid, 1931 
WusTER, E., Dr.-Ing. Internationale Sprachnormung 
in der Technik, besonders in der Elektrotechnik. 
(Die nationale Sprachnormung und ihre Verallge- 
meinerung.) la. 8vo. 431 pp. Berlin, [1931] 
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THE TWENTY-THIRD KELVIN LECTURE. 

“THE WORK OF OLIVER HEAVISIDE.'' 

By W. E. SuMPNER, D.Sc., Member. 

{Lecture delivered before The Institution, 21s/ April, 1932.) 
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(1). The Range of Heaviside's Work. 

The Kelvin Lecture of the Institution is usually 
delivered by an eminent leader in physics, who chooses 
a subject invariably of great interest to the members, 
but one not always closely associated with their work. 
To-night a member of the Institution has been honoured 
by being asked to give the lecture, and the subject 
chosen, the work of Heaviside, is one which blends the 
earliest activity of the Institution, namely, telegraphy, 
with the latest one, wireless telegraphy and telephony. 
The subject ranges over the whole of electromagnetic 
theory and practice, and is too vast to be dealt with in 
other than a general way. 

There is no time to dwell on personal* matters con¬ 
cerning the life and character of Heaviside. I must, 
however, mention that Heaviside was bom in 1850, and 
that he died a few years ago at the age of 75. His 
family was eminently telegraphic. He was the nephew 
of Sir Charles Wheatstone, the inventor of telegraphy. 
One of his brothers, Mr. A. W. Heaviside, was high up 
in the telegraphic profession. He himself was engaged 
for some years in the actual practice and development 
of tele^aphy. AU his early papers, from 1872 to 1882, 
deal with normal problems in telegraphy, such as induc¬ 
tion balances, duplex telegraphic circuits, and so on. 
He appears to have been closely associated with the 
introduction of quadfuplex telegraphy. He retired from 
practice early, but continued throughout his life to work 
at telegraphic problems. 

Heaviside exemplifies a rare case of the combination 
of great theoretical and mathematical powers with a 
bias of mind which was strongly practical. He was 
entirely self-trained. He found that his work needed 
mathematics, and he trained himself to be a mathe¬ 
matician. He made himseK a physical theorist for the 
same reason. He was, however, chiefly interested in 
the practical aspect of signalling problems. He re- 

♦ These have been dealt with in an interesting way in Appleyard’s ** Pioneers 
of Electrical Communication** (Macmillan and Co;). 


garded all theoretical work as subsidiary. He was a 
mathematician at one moment, and a physicist at 
another, but first and last, and all the time, he was a 
telegraphist. All his early papers up to 1882 dealt with 
telegraphic problems by normal methods; but after that 
date, that is from the age of 32 onwards, he dealt with 
these problems entirely from the point of view of waves, 
and therefore as problems in directed radio-telegraphy. 
Heaviside was the first radio-telegraphist. 

His work consists of two main parts: the simplifica¬ 
tion of Maxwell's theory and the improvement of 
mathematical methods for use with it; and the design 
of a transmitting line or cable needed to convey electrical 
signals perfectly at high speed. 

Before dealing with either of these, something must be 
said about the clearness with which he could express his 
ideas, either in the English language, or in the language 
of mathematics. He was a writer of good, vigorous 
English, often brightened with touches of humour. He 
chose his words well, and is noted for his resource in 
suggesting excellent new words to express novel technical 
quantities coming into prominence. The younger elec¬ 
trical men of to-day hardly realize how many words and 
phrases now in standard use originated with Heaviside. 

A good instance of his clear writing will be found in 
the first volume of Electromagnetic Theory," in the 
form of a chapter of 150 pages descriptive of waves. It 
is almost free from symbols. A few equations are given 
to help the wording to make the exact meaning clear, 
but not such as to require the reader to use any analyti¬ 
cal skill., It is the best chapter yet written on electrical 
waves, and should be read by all interested in wireless 
work. 

Heaviside's descriptive power had a great influence on 
his life work, since it was his only support in his effort to 
convince the world that the self-induction of the line 
'^as " the long-distance telephoner's best friend." In 
dealing with his cable problem he laboured under every 
conceivable disadvantage. He was working entirely 
alone. He had to solve a mathematical problem so 
new and difficult that no existing form of analysis was 
suited to deal with it. He evolved an experimental 
process which found no favour with mathematicians. It 
was something which nobody could understand, and 
which Heaviside himself did not profess to explain. 
Ph 3 ^icists were keenly interested in Heaviside's work on 
electromagnetic theory, but naturally left to technical 
men any applications to practice. The only men whom 
Heaviside could hope to interest were telegraphists, and 
in regard to them Heaviside had to struggle against a 
fixed erroneous belief of the whole profession. Lord 


Kelvin's pioneer work on ocean telegraphy was highly 
I.E.E. Journal, Vol. 71, No. 432, December W 56 
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scientific and original. It also had the engineering 
characteristic, that it was made as simple as possible by 
taking note of eveiy essential point while neglecting any¬ 
thing which did not appreciably afiect the result. The 
self-induction of the line was ignored, and a working 
principle was reached which came to be known* as the 
KR law.*' For Kelvin’s purpose the neglect of seH- 
induction was quite justifiable and in every way admir¬ 
able; but as signalling at higher and higher speeds 
became a want, and as the character of the signals 
altered from the simple dots and dashes of telegraphy to 
the highly complex signals of telephony, the KR law 
of Kelvin ceased to apply because it was no longer suffi¬ 
ciently comprehensive. Heaviside advocated the in¬ 
crease of the self-induction of the line, an idea utterly 
opposed to the prevailing notions of the time. Heavi¬ 
side’s method was obscure, while his formulae were 
complex. If he had not possessed the power of making 
his views clear in simple language, I doubt very much 
whether during his lifetime the loading coil would have 
been invented. 

He had many friends in the telegraphic profession, 
and that profession has never lacked men of great 
scientific ability capable of realizing and of making clear 
to their less-trained colleagues the significance of Heavi¬ 
side’s results, and that these results were not merely the 
expression of personal views but were obtained by 
methodical mathematical argument. Such men are not 
necessarily found in the most important professional 
positions,! so as to be able to exert enough influence on 
a Government department reluctant to try expensive 
experiments. Heaviside never had the chance to put 
his theories to the test. He did suggest practical ways 
of increasing the self-induction of the line several years 
before they were actually tried in France and in America. 
His suggestions, after some preliminary experimenting, 
would have developed into an invention. As things 
turned out, the loading coil had to be worked out by 
other hands. Great credit is due to the inventor of that 
coil, and also to those concerned with the more recent 
method of coating the wire with permalloy, or mumetal; 
but Heaviside was greater than the inventor, since he 
pointed out in advance what the inventor had to invent. 
As a rule, theory follows practice, explains it, and makes 
large-scale developments possible. In this case theory 
had to come before practice. It is hard to see how the 
loading coil could have developed out of trials made in 
the dark. • 

It is needless in addressing the members of the Institu¬ 
tion to take up time in explaining the loading coil, or in 
urging its importance. It is enough to say that wherever 


telegraphy is known the name of Heaviside is held in 
honour. It would also be hopeless to attempt^ in a 
public address to discuss Heaviside’s mathematics in 
detail, but the general character of this work must be 
referred to. No other mathematician has striven so 
hard to make his work simple, short, and direct; to 
avoid wandering into side issues, and to refrain from a 
display of mathematical fireworks. He showed great 
care in the choice of symbols, and in the modes of 
printing them. From this point of view his work is an 
admirable example of plain English in mathematical 
form. Important variables are chosen with simple 
plain shapes, free from curls and thin lines, and suitable 
for compact assembly in a formula. Associated con¬ 
stants are grouped as much as possible, and are repre¬ 
sented by less-prominent letters. The effect is to make 
the working clear, and to reduce to a minimum the 
number of symbols used, and also the resultant call on 
the memory. What happens in technical publications is 
usually the exact opposite to this, in spite of the fact 
that there is special need in engineering work to make 
the mathematics as clear and simple as possible. 

I shall illustrate these points by an example well 
known to all of us, and, since this is the only example 
which I propose to introduce into the Lecture, I shall use 
it also to picture the operator method. I shall thus use 
the example to illustrate both the clearness and the 
obscurity of Heaviside’s mathematics. His analysis 
when dealing with Maxwell’s theory involved advanced 
and difficult mathematics, but this is not the part of his 
work which is said to be obscure. The part which is 
called obscure is his operator method which uses little 
more than simple algebra. 

Heaviside chooses, of course, a suitable shape* for his 
symbol for current, and writes the law of rise of current 
in an inductive circuit as 

RC H- == jEr .(1) 

dt 

or as RA + LA = E 

Having written down the differential equation, the first 
thing he does is to discard the calculus, by using Boole’s 
symbol p for the differentiator. He writes the equation 
in operator form as 

(R-hLp)Crr.E .( 2 ) 

He next simplifies as much as possible the mode of 
denoting the engineering constants R, L, and E, by 
using a for R/L and Oq for E/R, leading to 

(l+^/a)a-Oo • V • • (^) 


* The law is called by its historic name. K refers to capacity and R to 
resistance. 

t In one of Heaviside’s notebooks now in the possession of the Institution, I 
foimd the fbUowing lines:— 

« Self-induction’s‘ in the air ’ 

Everywhere, everywhere. 

Waves are running to and fro. 

There they are, there they go. 

Try to stop ’em if you can 
You British Engineeiing man! 


Next, in a way bolder than Boole, he proceeds 


C = 


C 


- - 


l + (pla) ^ p l + {alp) 


^ fa 


+ • 




•> 


. (4) 
- ( 6 ) 


Conceive him (if you can) 

The Engineering man.* * 

At this point some personal feeling seems to have upset the balance of the bard’s 
rhythm. Other lines are omitted. The “ man ” may possibly have been very 
fond of boasting that he “ sat at the feet of Faraday.” Heaviside remarked 
that “ beetles could do that.” 


• The International Electrotechnical Commisision has settled that the letter / 
is to be used as the symbol for current. But what is the letter / ? No one has 
decreed how it shall be shaped or printed or pronounced. It appears in many 
forms, none suitable for assembly in a formula, and the most insignifi cant of aU 
these forms, a little worm rampant, is the one favoured by the electrical engi¬ 
neer. Its most obvious part is a dot which should not be there, ^oe dots 
should be reserved for Newton’s notation for differentiation. 
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He now applies his rule 

n\ 


giving 



O = (7o[a--o2^ + a--. . 


. (6) 

or 

0 = Oo(l - e-**) . ; 


• (7) 


so that after reintroducing the engineering symbols he 
gets finally 

o = - e-stIL) 

Jth 


This has been given at length to show the steps. The 
calculus equation (1) is changed to the operator equation 
(2) or (3). The operator is shown in (4) in a closed 
form, and in (5) when expanded as an infinite series of 
powers of p. The rule ** is then used to convert to 
(6), an infinite series in powers of t, which in many cases 
can be simplified by using a known mathematical func¬ 
tion as in (7). The operator in this case is a simple one, 
but Heaviside treats all operators, however complicated, 
in the same way, and also applies the same rule, so that 
the example t57pifies his method in general. The expan¬ 
sion of the operator, and the use of the rule, are obscure 
steps, but the actual working is always simple. This 
example we shall discuss later. We must now consider 
the first main part of Heaviside’s work, electromagnetic 
theory. 

(2). Electromagnetic Theory. 

I shall confine myself in' this Lecture to Maxwell’s 
theory as applied to ether j£ree from matter. If we cut 
out from the theory all the laws concerned with matter, 
the laws which remain are few, simple, and fundamental. 
Heaviside showed that they could be put in the form of 
four pairs of laws connecting four pairs of physical 
quantities, each pair showing perfect symmetry as 
regards electricity and magnetism. In order to bring 
out the symmetry I shall use the same symbol, with a 
distinguishing sufiBbc e or w, to denote the two members 


of a pair. 



The quantities are 



Quantity 

Electric 

Magnetic 

Force intensity 



Flux density 

B. 

B«, 

Inductivity 

e 

m 

Energy density 


Tm 


The four pairs of laws consist of three which are merely 
descriptive of permanent relations between the above 
physical quantities, and of a fourth which states the 
important working laws controlling the changes that 
take place. They are :-— 

Law 1. The force-flux law 

Law 2. The law of continuity 

div. — 0 diVi = 0 


Law 3. The law of eh^gy density 
Law 4 (c.c.). The law of cross cutting 


f is the rate at 1 

► Bj»^ 

(* cut unit X 

1 which the lines of J 

B. 

[ length along J 


The quantities e, m, are constants, T is a scalar variable, 
H and B are vectors. H is reckoned per unit length, 
B per unit area of cross-section, and T per unit volume. 
A vector is denoted by a letter in heavy, type, and its 
tensor by the corresponding letter in italic t 3 q)e. B is 
the density of Faraday lines or tubes. The lines B^ 
are due to a distant magnet or magnetizing current, and 
the rate of cutting of is H^, the electric force, or 
e.m.f. per unit length. The lines B^ are due to distant 
electric charges whose movements represent one or more 
currents involving corresponding movements of B^. The 
rate of cutting of B^ is H^, the magnetic force, or m.m.f. 
per unit length. In the language of action at a distance, 
H^ is said to be due to a remote magnetizing current. 
In the physical language of Faraday it is due to the local 
cutting of Bg. 

There is much to be said about these laws, but I have 
only time now to mention some of the points connected 
with Heaviside’s work. 

In the first law e and m are not mere numbers. B and 
H differ in physical nature as much as an ampere does 
from a volt. A current and a voltage may be made 
numerically equal by adopting suitable units, but no 
choice of units can possibly make an ampere the same 
kind of thing as a volt. Heaviside’s book is the only one 
on electromagnetic theory in which the distinction 
between B and H is always kept clear. 

Heaviside uses, instead of B^, Maxwell’s displacement 
symbol D, but points out clearly that the true analogue 
of D is B^.”* Heaviside’s D is a multiple of Maxwell’s 
D, since he adopts what he calls a rational system of 
units, the great advantage of which is that all the 
important laws can be expressed without containing a 
needless factor 47r, or l/(47r), so that the statement of 
the laws becomes simpler. In ordinary books the ex¬ 
pression for T in law 3 contains a factor l/(87r) instead 
of the factor J. . 

The most important point refers to the law of cross 
cutting, 4(c.c.). This is not expressed as Heaviside put 
it. It is stated in a way to show its physical aspect. It 
needs a little more to make it strictly mathematical. 
The addition can be made in more than one way. We 
may express the law in local-action form, or in remote- 
action (and sum-total) form, involving the idea of action 
at a distance. This can be illustrated by law 3. The 
energy density is the local part of the total 

energy JF X KV, where V is the potential between the 
plates of a condenser whose charge is KF. The Faraday 
tubes connecting the plates spread out through the whole 
of Space. Maxwell proved that the quantity ^H^Be per 
unit volume summed up for ^e whole of space was equal 
to JKF^. He proved a similar relation in connection 
with the companion law for magnetic energy. Exact 
ideas about energy are largely due to Kelvin, Helmholtz, 
and Joule, while most of the laws of energy in sum-total 
form are due to the work of Kelvin. The principle of 
the localization of energy is, however, due to Maxwell, 
and forms one of the two important contributions made 
by him when developing Faraday’s ideas into the 
electromagnetic theory of light. The other new prin¬ 
ciple was the concept of dielectric curr^t as the rate of 
chmge of displacement D or B^. Thus, in dealing with 
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law 4, we must remember that the rate of change of Bg 
means current density. Now consider the cross cutting 
law 4(c.c.). This in its magnetic form is the basis of 
electrical engineering, and is well known both in its 
local-action and in its remote-action form. One is the 
law of the dynamo armature represented in Fig. 1, and 
the other that of the transformer denoted by Fig. 2. 



e.m.f. = — 

H, = [B^v^ jHedX = //(- B^)da 

There is no need to explain what is so well known. The 
point to note is the great physical difference between 
two laws which are mathematically equivalent. The 
first gives a local e.m.f. per unit len^h, in terms of 
the movement at velocity v^ of a local flux density B^. 
The second gives a non-locaJized total 0 .m.f. in terms of 
the change of a distant flux N^. 

The former can be expressed as a vector product 

Hg =s [B^v^] 

The latter can be expressed as 

where is the line integral of Eg round the circuit, 
and is the surface integral of (— over the area 
bounded by the circuit. 

Heaviside, by taking this circuit infinitesimally small, 
converted the remote-action law into a local-action form 
and wrote it 

[VHg] = curl Hg = — B^ 

We need not consider here the full meaning of this 
mathematical law. 

In the magnetic case there is direct experimental 
evidence for each form of the law, but in the corre¬ 
sponding electric case, obtained by interchanging the 
sujS&xes e and m, the experimental evidence available 
only applies to the law in remote-action foim 



where is the line integral of the magnetic force 
round the circuit, that is the total m.m.f.; and where 
Se is the surface integral of the current density J?g over 
the area bounded by the circuit, that is the total current 
Represented by ''ampere-turns.” This is the well- 
i^own law of the magnetic circuit, a remote-action law. 
^ ''orresponding local-action law, though not yet 
>hed by direct experiment, is deducible mathe- 
ly from the remote-action law in exactly the 


same way as in the former case. Heaviside was the 
first to notice the extraordinary fact that Maxwell over¬ 
looked this point and was content to leave his laws in 
the language of action at a distance. Maxwell, with a 
great ideal before him, took up the ideas of Faraday, 
examined a chaos of known theories and laws, separated 
out those which fitted in with Faraday's views from 
those which did not, and developed the former into his 
great theory of light. Nearly all these laws were ex¬ 
pressed in the language of action at a distance. Max¬ 
well could use them, and was content to use them, in 
that form. It was Heaviside who introduced what he 
called the second circuital law in local-action form 

[VH^] = curlHU=:Bg 

In doing this he cut out from Maxwell's theory some 
points which he regarded as not essential, and finally 
arranged all the fundamental electromagnetic laws in 
pairs, each of which showed perfect symmetry in regard 
to electricity and magnetism. 

The second circuital law has an equivalent vector 
form 

Hjji = [VgBg] 

This form of the law was, in essence, recognized both by 
Heaviside and by Po 3 mting, but neither of them used it 
in analysis. 

The working law of cross cutting [law 4 (c.c.)] can thus 
be expressed in three equivalent ways, as follows:— 

(i) the experimental law in remote-action form as used 
by Maxwell 

;h^x == ;j(- .... (4^) 

= ;j(+B,)ia 

(ii) the mathematical local-action law which Heaviside 
used and called the circuital law 

[VH,] =curlHe - -B,, . . . (4^c) 

[VBU] = curl = + B, 

(iii) the physical local-action law which appears to 
state exactly the views of Faraday* when expressed in 
vector form 

H. - = [v.Be] . . . M 

Much was done between 1883 and 1885 by Heaviside 
and by Poynting, working independently, to make clear 
and to extend Maxwell's theory. Time will not allow of 
my discussing it in this Lecture, but I have added an 
historical Appendix dealing with it. The main point to 
note now is that Heaviside, after arriving at the working 
law 4 (c), developed from known mathematical theorems 
an easily workable form of vector algebra particularly 
suitable for use in coimection with it. He did not add 
anything fundamentally new to Maxwell's theory, or 
anything in analysis really new mathematically. His 
work on electromagnetic theory offers a great contrast 
to that connected with his operator method. Mathe¬ 
maticians have had nothing to say against the one, and 
nothing to say in favour of the other. They have been 
very silent on the whole matter. 

• “ Experimental Researches,** vol. 1, p. 529, § 1658.*^ 




SUMPNER: TWENTY-THIRD KELVIN LECTURE. 


■What Heaviside did was to make the theory so work¬ 
able that it had the properties of an automatic machine. 
This sometimes needed the skill of a Heaviside to set it 
to its task, and sometimes heeded the driving power of a 
Heaviside to make it go. All the same, it was auto¬ 
matic. One end was fed with a mixture of facts and 
fancies about matter, and out from the other came the 
results, not as single spies but in battalions. Many of 
these results were of great interest to the scientific 
world, and most of the leaders of physics, from Lord 
Kelvin downwards, discussed them with Heaviside, 
either personally or through the medium of the scientific 
Press. 

All these problems involved the action of matter, the 
properties of which are a never-ending source of contro¬ 
versy. This was bad enough in Heaviside’s time. It 
has become far worse since. Nowadays the properties 
of matter seem to alter every fortnight. Heaviside’s 
results and views were always criticized, but were always 
treated with great respect. In 1891, Heaviside summed 
up his work on Maxwell’s theory in a single paper 
printed by the Royal Society in 1892. This was the 
most important and the most ambitious paper Heaviside 
ever wrote. It is fairly safe to say that no one yet bom 
has been able to understand it completely. This 
assertion would be a bold one to make were it not for 
the fact that there is the great authority of Lord Ray¬ 
leigh to support it. A letter, now in the possession of 
the Institution, was written to Heaviside by Lord 
Rayleigh as Secretary of the Royal Society, when accept¬ 
ing the paper on behalf of the Society, on the 31st 
October, 1891. To this letter a personal note is added 
which reads:—'‘Both our referees, while reporting 
favourably upon what they could understand, complain 
of the exceeding stiffness of your paper. One says it is 
the most difficult he ever tried to read. Do you think 
you could do anything by illustrations or further expla¬ 
nations, to meet this? As it is, I should fear that no 
one would take advantage of your work.” 

The obscurity of the paper does not arise in the mathe¬ 
matics itself, since this, though having a strong Heaviside 
flavour, is all of standard type and can present no diffi¬ 
culty to the professional mathematician. It is far 
otherwise with the assumptions underlying the mathe¬ 
matics. These involve numerous physical conceptions 
for the most part outside the range of experimental 
evidence, and so abstruse and so little recognized that, 
however expressed in words, they must be left in such a 
state that they can be readily misunderstood. The 
reader can be excused if he fails to follow them. Yet 
Heaviside was so consistent a man that, if his ideas 
could be definitely interpreted, his scheme, modified as 
found necessary, would probably form a firm framewbirk 
on which permanent physical theories could be built. 
As it stands, the paper is quoted but rarely, if at all. 

We must, however, leave pure theory and proceed to 
consider Heaviside's application of it to his telegraphLe 
problems. 

(3). Radio-Waves AND Matter. 

Heaviside's object was to design a telegraph cable to 
transnoit signals perfectly at high speed. It is com¬ 
monly supposed that he solved this problem by means 


of his operator method. This is only partly true. He 
used arithmetic as much as algebra, and he used physics 
more than either. His mathematical result was always 
an infinite series. This was but natural. It is as un¬ 
reasonable to expect a mathematical solution to be a 
simple expression, as to expect the answer to a numerical 
question to be a simple number such as 3, 4, or 5, instead 
of a long series of decimals. Solutions given.in terms of 
functions, or of integrals, are all infinite series in disguise. 
Such solutions are convenient if the functions, or in¬ 
tegrals, can be got from tables; otherwise the apparent 
simplification is little more than a sham. Few seem to 
realize the large amount of drudgery in numerical 
calculations which Heaviside went through in order to 
grasp the meaning of the various forms of infinite series 
met with in his analysis, or that he made use of every 
physical argument which he could think of in order to 
interpret his result. The solution of his problem is to 
be found, not in his formula, but in his essays. It was 
by means of these clearly written essays that he at last 
succeeded in convincing a reluctant telegraphic pro¬ 
fession of the truth of his ideas. 

He had necessarily to express his problem in terms of 
coils and condensers and resistances, but he was always 
thinking in terms of waves. We have thus to consider 
what the laws have to say about waves. 

The laws we need are:— 


Law 

Force-flux 

Energy 

Cross-cutting 


Electric 

B. = eH. 


Magnetic 
Bjw =5 wH}^ 

= [VeB,] 


We postulate that (i) there is no such thing as action at 
a distance, and (ii) light waves do not interfere with each 
other. Light waves received from a particular star are 
not affected by light emitted by other stars and passed 
on the journey from the special star. When we look at 
a star we assume that we see light from that star only, 
and not a mixture of light from all the stars. The 
programme of a particular broadcasting station can be 
reproduced perfectly by a suitable receiver irrespective 
of the activities of other stations. This could not be 
the case if the waves merged into one another and lost 
their separate individuality. 

Now suppose that from any cause we have a dis¬ 
turbance represented by two values of H and the corre- 
#ponding values of R. What happens ? We have not to 
consider action at a distance, or even any other dis¬ 
turbance in the neighbourhood. The laws must thus 
apply directly to our particular disturbance. , , 

If in (4z;) we put one of the velocities, say %, equal to 
zero, it will be seen from (1) and (4i;) that all four quan¬ 
tities B, H, vanish. Thus whatever the disturbance 
may be it must be in motion.* 

Next let us assume that it is possible under certain 
conditions for the electric and magnetic fluxes to move 
together so that the disturbance moves like a wave, of 
light which remains unchanged as it progresses.- 

• This result appears at first to be ia .coi)flict witWt^^ case of a steady field 
due either to a permanent magnet, or to a charged condenser. But it can readily 
be shown that the product of and is always the constant The two 
steady cases are the mathematical limits obtained by making one velocity 
infinite and the other infinitesimal. Thus, if * M and where 

c and CO are each high infinitesimals, we find oo, mM, Tm 
and Te c«T,n. If c 0, we may have finite values for Jkf and Tm, and yet 
zero values for ile, and 
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can find these conditions by putting Ve = = v. If 

no change takes place the two velocities must clear y e 
the same. 

From (1) and (4t;) used numerically we find 


Be == eH, 


= evBm = evmH^ = 


or 


i^em = 1, that is = (em)—1* 

Thus the velocity must be fixed in amount, and from 
(4z;) used vectorially it follows that and v, are 

perpendicular to each other in pairs. 

If we use in (3) the value of v found above, we get 
numerically 

iHeBe - 

This means that the electric and magnetic energy 
densities are equal, and that they are represented by 
vector fluxes at right angles to each other, and also to 



the direction of the fixed velocity v, 
bear a constant ratio to each other 

B 


These fluxes must 




^ 

Ve v'^ 

These are the ordinary properties of a ray of light. 

For our present purpose the above laws yield another 
conclusion which is of more immediate use. We are 
assuming that the disturbance moves as a whole, along 
the axis of a?, with a velocity v. Consider a rectangular 
block of it with edges each parallel to one of the axes. 
Let d be the depth of the block along the axis of x, and 
let the sectional area perpendicular to a; be unity. LeJ 
be along the axis of y, and be along the axis of z. 
The positive direction of 2 is upwards from the paper as 
indicated by Silvanus Thompson's symbol ©. Consider 
the flow of energy, in the path of the advancing pulse, 
at some point O. This is zero until the pulse reaches O, 
it has some value P per unit cross-section while the pulse 
passes O, and is zero again after the passing of the pulse. 
The time taken for the ptilse to pass in dJ/t?. The total 
energy which passes per unit of cross-section must be 
equal to that contained in the block of volume d, or 


= HHePe + iHA) d = 


'd 


Thus P is numerically equal to, and is given in vector 
form by. 


Now this is the Poynting flux, discovered and proved by 
Po 3 mting in 1884, and constituting the greatest contri¬ 
bution to electromagnetic theory since the death of 
Maxwell. The above argument does not prove the 
Poynting flux since we have made an assumption, but 
from our present point of view the important thing to 
note is that the value established by Poynting for this 
energy flux is exactly what is required to justify the 
assumption made, that an electromagnetic pulse with 
equal electric and magnetic energies per unit volume, 
and represented by fluxes at right angles to each other, 
moves forward at a fixed speed v perpendicular to each 
flux, carrying all its energy with it, and thus leaving no 
energy behind it. This means that no disturbance can 
be left in its track, since such a disturbance would need 
energy, and there is no source of such energy. 

This explains the fact, always assumed about light, 
that a wave of light passes from a star to the earth 
without changing its character on the journey. Each 
ordinate of the wave represents a thin pulse of light 
which travels unchanged without affecting, or being 
affected by, any pulse which precedes it, follows it, 
travels with it, or crosses its path. 

Heaviside's problem of high-speed telegraphy, in¬ 
cluding the more complex case of telephony, was that 
of finding the conditions to be fulfilled by the trans¬ 
mitting line, and by the receiving apparatus, in order 
that a pulse of potential, applied at one end of the line, 
would, in spite of the interference of matter, pass along 
the line, like the pulse in a ray of light, without leaving a 
trace of energy behind it to interfere with any succeeding 
pulse. 

A large part of Heaviside's work was devoted to the 
study of reflected waves, but his whole object was to 
find out how to avoid them. The limit' of the working 
speed of telegraphy is fixed by the fact that the reflected 
waves distort the signals and mix them up. He showed 
how to design the transmitting line and the terminal 
apparatus so that, in essence, reflections could be pre¬ 
vented. It is possible to absorb completely an arbi¬ 
trary wave by means of a suitable terminal resistance. 
Then there are no reflected waves."* When a circuit 
fulfilled the requisite conditions he called it ** distortion¬ 
less." His discovery of these conditions, and his recog¬ 
nition of the fact that they could be approximately 
secured in practice, shows that he had not only a scien¬ 
tific, but also a thorough engineering, grip of the cable 
problem. 

His theory of the distortionless circuit dates from not 
later than June 1887, f but it would be quite a mistake 
to suppose that he relied on any one method for estab¬ 
lishing the necessary conditions. His-operator process 
was only one of these methods. He tried many ways, 
and was untiring in working out in detail a host of 
examples in order to prove that he got consistent results. 
Some one described genius as the power of taking 
infinite pains. It is usually a power which a genius 
displays less than any other. In Heaviside's case we 
have a strong combination of genius and industry. He 
did not establish his theory by any single demonstation, 
but as the result of the study, not Only mathematically 

♦“ Electromagnetic Theory,?'vol, iSL p. 74. . 

t ** Electrical Papers," vol. 2, pp, 
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but also physically, of an endless number of worked-out 
cases. It is this fact which makes it dif&cult to give 
any simple account of his work. 

That, among other ways, he did regard his cable 
problem as comparable with that of a pulse of light can 
be shown by quotations from his writings.* In reference 
to a pure plane wave which “ just goes on,'* he says: 
** To what extent this will continue depends upon the 
relation the constants of the circuit bear to the distortion¬ 
less state. When the latter obtains, the wave is trans¬ 
mitted without spreading out behind, so that at a time t 
the initial state, if existent over a unit length, will be 
found over unit length at a distance vt to the right ** but 
attenuated. ** In all other cases there is reflection in 
transit, and the reflected portions travel back, besides 
getting mixed up together, thus making a tail." " The 
distortionless state forms a simple and natural boundary 
between two diverse kinds of propagation of a compli¬ 
cated nature, in each of which there is continuous dis¬ 
tortion which is ultimately unlimited." " When a cir¬ 
cuit has been brought to this (distortionless) state, then 
arbitrary signals of any size and manner of variation, 
originated at the beginning of the circuit, will run along 
it at the speed of light, and in doing so suffer no altera¬ 
tion save a weakening . , . the succession of values will 
faithfully repeat thoee at the origin." 

(4). Reflected Waves. 

Heaviside, in more than one place in his book, points 
out that the series and shunt resistances of the trans¬ 
mitting line absorb energy from the advancing wave; 
that each resistance reduces the electric and magnetic 
energies but in different proportions; and that unless 
certain relations hold between the various inductance 
and resistance constants of the line, some of the Faraday 
tubes will be reversed. This leads to reflected waves. 

In a wave pulse, the values of and represent 
equal energies per unit volume, and thus bear a fixed 
ratio to each other, so that by adopting suitable units 
we can use the same number (a -f 6 ) to denote each of 
them. The square of this number in terms of another 
unit will represent the total energy per unit volume. 
The value of P, the Poynting flux of energy per unit 
area, is proportional to the product so that this 

product with due regard to sign, will denote P in terms 
of yet another unit. If now, owing to the action of 
matter upon the incident pulse, the electric flux [a + b) 
is partially reversed so as to become (a — 6 ), we get two 
pulses, one transmitted and the other reflected, as 
follows:— 

B „ Energy P 

Incident pulse a + b a -f & (a + 6 )^ (a + 6)2 
Transmitted pulse -|- a + a -f 

Reflected pulse — 6 -f 6 6 ^ —. 2)2 

The total energy is reduced from (a + b)^ to -}- 6 ^ 
the loss 2o6 being absorbed in the resistances. One 
pulse goes forward with energy a^, and the other back¬ 
ward with energy Although this is only an illus¬ 
tration, it appears to represent what happens. 

The line resistances must reduce the energy of the 
advancing pulse, but it does not follow that the pulse 
* Electromagrtetic Theory,” vol. 1 , pp. 408-410. 


must split up. The condition that the pulse fluxes 
move together is that their energies must remain equal 
to each other, not that they must continue constant in 
time. Even in a light wave the energies continuously 
diminish, because, as the wave spreads spherically, the 
pulse energies are distributed over an ever-increasing 
area of wave front, so that the energy per unit volume- 
diminishes. The important point is that, though this is 
the case, the electric and magnetic energies per unit 
volume diminish in the same proportion, and since they 
start equal they always remain equal. 

The absorption of energy in the resistances causes not' 
one effect but three. Two of these are direct and of no- 
importance. The third is indirect and is all important. 
The loss of energy must weaken the signal. This is of 
no consequence since all that is needed is a more sensitive 
receiver, and electrical apparatus never fails from want 
of sensitiveness. The heating of the wire gives rise to- 
heat waves. Each electron in the wire insists on blow¬ 
ing its own trumpet. There results a concert of a kind 
involving " harmony not understood," but it has no 
connection with the signal and does not affect it in any 
way. If, however, the energy absorbed in the resis¬ 
tances is withdrawn unequally from the electric and 
magnetic energies in the pulse these two energies are no 
longer equal, the equality of the velocities, Vg = no 
longer holds, and the pulse must break up into parts. 
Each of these carries the signal with it. The strength of 
each part must be proportional to that of the original 
pulse. The signal is represented by the modulation, or 
law of variation, of the strength of the pulses in the 
sequence forming the wave, so that each part represents 
a sequence having the signal imprinted on it. One part 
represents a forward wave which proceeds towards the 
receiver, the other represents a wave which goes back. 
If it always went back it would not matter, since it 
would never reach the receiver; but, unfortunately, the 
reflected wave meets another conducting surface, is 
reflected a second time, and goes forward again, reaching 
the receiver as an echo at a time subsequent to the for¬ 
ward wave. It thus arrives with another part of the 
signal so that confusion results at the receiver. 

What happens in an ordinary telegraphic line is illus¬ 
trated in Fig. 4. Suppose that a pulse of potential, 
impressed on the line by pressing a key, represents a 
dot signal d^ travelling along the line at the speed of 
Jight in the direction of the arrow, from a transmitting 
station T to a receiving station R at a distance of 500 km, 
represented by 0*5 on the diagram. This pulse will 
splash against R. Its energy will be in part absorbed, 
but some of it will take the form of a reflected wave 
which will return to T, where it will give rise to another 
reflection, which will follow d^ as an echo d, after a time 
corresponding with twice the distance between the two 
stations, or I 000 km. The echo dj will behave exactly 
like (3lq and hence there will arise a succession of echoes 
dg, dg, etc. These echoes are shown in the figure to the 
right of do spaced at distances 1 000 km from each other. 
Of course nothing exists to the right of T. The pulses d^^, 
d 2 , etc., are but shadows forecasting coming events. The 
event does not exist until the moment the shadow 
arrives at T, ifter which it goes on as a real echo and is 
received as such at R. The effect at R is, however^ 



844 


SUMPNER: TWENTY-THIRD KELVIN LECTURE. 


exactly as if d^, d^, etc., were real pulses following each 
other in procession, all at the speed of light and spaced 
as indicated. In theory the number of these echoes is 
unlimited, so that some of them come on with, and 
others actually behind, a dash signal D impressed on 
the line by the operator at some time interval after the 
dot signal d^. The effect is to spread out the dot signal. 
For the moment we are ignoring attenuation, and we 
assume that the line itself is perfect, so that reflections 
only occur at T and at R. 

If, for the dot signal, the key is pressed for only 
0-0001 second, during which time light travels 30 km, 
the depth of the d^ signal will be 30 km, or much less 
1 000 km, the spacing of the echoes, hence all these “ d 
signals wiU be separate. If, however, the key is pressed 
for 0-01 second the depth of each pulse will be 3 000 km, 
so that the pulses will overlap. Moreover, the line is not 
perfect, so that reflections arise at every point of the 

R T 



path. The result is that, as indicated in the middle 
diagram, the received signal d' will not be represented 
by the rectangle d denoting the signal sent, but by a 
curve, the ordinate of which, while greatly attenuated at 
the start, will rise continuously owing to the cumulaj 
tive eflect of successive reflections, and wiU be spread 
over a base much greater than 3 000 km, the original 
depth of the pulse. In theory it will be indefinitely 
prolonged, and in practice if the dash signal D is made 
after too short a time interval, the corresponding D' 
signal as received, which will also be greatly attenuated 
at first, will have its early portion overwhelmed by the 
rear part of the d' pulse, so that dots and dashes will get 
hopelessly mixed. If, however, we can prevent tiie 
occurrence of reflections, it does not matter how compli¬ 
cated the signal may be. We can assume that it is 
represented, as in the bottom figure, by an isolated, ir¬ 
regular set of signals dj, dg, etc., or by a continuous wave 
such as PjPg denoting a complex telephonic message. 
Each ordinate PQ of the wave can be regarded as an 
independent pulse travelling along the line without 


interfering with its neighbours, and without leaving 
behind it any trace of its passage. Attenuation there 
may be, but it will be the same for each ordinate. The 
whole wave will go through, keeping its wave-form 
intact. It only needs a good receiver to interpret the 
signals perfectly, however rapid and however complex 
they may be. 

Heaviside saw all this clearly before the time of 
Marconi and before even the earliest experiments of 
Hertz and Lodge. It is explained in the descriptive 
parts of his writings, which are devoid of analytical 
argument. He does not connect up with the equations 
as I have tried to do. But it is certain that he did this 
for himself, and that in doing so he used the standard 
physics of Maxwell's theory, and the standard mathe¬ 
matics natural to it. He did not for this purpose use his 
operator method at all. This method was not evolved 
until after he had seen from physics that, in order to 
make the transmitting line suitable for high-speed 
signalling certain realizable conditions had to be met. 
He used the operator method merely to find out these 
conditions. To do this, he applied main force. The 
method was an experimental one and needed a thorough 
mathematical investigation in order to justify it. The 
conventional mathematician takes much interest in a 
pure mathematical research, but Heaviside was not a 
conventional mathematician. He always, needed an 
objective, and, as soon as he saw how to reach it, he 
went straight for it without troubling more about 
theory. He was like an engineer who has to reach a 
result within a strictl^r limited time, and who has to 
force the pace and proceed by trial and test, without 
spending much time on theory. 

Before leaving the subject of reflections, reference 
must be made to the Heaviside layer, since no account 
of Heaviside's work would be complete without it. The 
theory of this layer forms one of the most important 
contributions to the theory of radio-telegraphy. It was 
Heaviside's recognized position as an authority on 
Maxwell's theory that drew public attention to the 
possibilities of this layer, and caused experiments on it 
to be made as soon as suitable instrumental methods 
became available. It is well understood now that 
reflections from the layer enable the waves to keep to 
the curved surface of the earth. It is found possible to 
detect these waves after travelling not only a quarter 
way, or half way, round the earth, but also after travel¬ 
ling once, twice, and even four times completely round 
the globe. 

Prof. E. V. Appleton, whose experimental work on the 
Heaviside layer is of great interest and importance, has 
been good enough to help me to illustrate these matters 
in Figs. 5, 6, and 7. The first two are reproductions of 
the actual record of receiving apparatus, while the curves 
shown in Fig. 7 have ordinates representing measured 
values. Fig. 5 represents round-the-world echoes re¬ 
ceived on a travelling photographic plate, the time 
intervals being measured in the ordinary chronographic 
manner. The emitted signal is double, and the corre¬ 
sponding echoes are distinguished by Roman and Arabic 
numbers. Each echo arrives about one-seventh of a 
second after its predecessor, this being the time taken 
by radiation at the speed of light to go round the earth 
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by the polygonal path due to successive reflections at 
the Heaviside layer. Three round-the-world echoes are 
shown. Fig. 6 represents two signals a, a\ received at a 
German station, from a transnoitting station in America. 
One signal arrives by the shorter route over the Atlantic, 
and the other by the longer route over the Paciflc. In 
this case the time interval between the two signals is 
less than one-seventh of a second. The experiments of 
Figs. 5 and 6 are due to Quack. The tests shown in 
Fig. 7 were made by Prof. Appleton, and represent the 


point, since they prove the existence of the Heaviside 
layer, and the action of this layer in producing reflections. 

(5). The Cable Problem and the Operator Method- 
Heaviside realized that what he had to consider was 
not the behaviour of a complex wave, but that of a single 
pulse. This pulse is a solitary wave advancing over a 
dead smooth sea. Heaviside wanted a form of mathe¬ 
matics which would enable him to ride on the front of 
this wave and to study what happened to it when it 



Fig. 5. 


record made at King's College of reflections at the 
Heaviside layer caused by directing a beam of radio 
waves nearly vertically upwards at the East London 
College a few miles distant. The waves are reflected in 
succession at the surface of the layer and at that of the 
earth, the number of reflections occurring between the 
two stations being dependent on the original inclination 
of the particular ray. The figure shows five such 


met obstacles. In the ether ocean these obstacles are 
not like rocky islands, or iron-bound coasts. They are 
much more like floating ships, or floating masses of sea¬ 
weed. He had to find the conditions under which no 
reflected waves would occur. It will be found that, 
though much of Heaviside's mathematics deals with 
waves, his sole point of interest is what is happening at 
the wave front. He pays no attention to the rest of the 



Fig. 6. 


echoes, F^ to F 5 , besides the direct ground signal G, which | 
amves first but which is weak in comparison, since the 
transmitting beam is directed upwards so that its rays 
are much weaker in the horizontal than in the vertical 
direction. 

Such experiments are all subsequent to Heaviside and 
we cannot dwell on many points of interest set forth in 
the original papers.^ They are, however, quite to the 

♦ For the work of Qu^ck, see Jakrhuch der dfdfUlosen Telegraphies 192^, ■ 
vol. 28, p. 177, and 1927, vol. 30, p. 42. The subject is dealt with by Appleton 
in a lecture on ** Wireless Edboes ^* before the British Association, 1930, and I 
also in “ Wireless Echoes of Short Delay,*' iAa P/tysical Socw^y 

of Londons 1932, vol. 44, p. 76, Appleton and Barnett first proved the eap- 
teoce of the Heaviside layer at a height of 90-100 km, using broadcasting 


wave. He merely wants to know what happens to a 
thin pulse. 

It was not for want of searching that Heaviside quite 
failed to find in mathematical work any form of analysis 
suitable for his purpose. Those who have implied that 
what he did with his operators can be done by other and 
better methods, caimot have imderstood what the 
problem really was. There are several methods for 
dealing with the steady 6t periodic state, and also for 

'wavelengths (Pfoc<s«iwgso/<^l?;oyalSoci<rfy, A, 1926, vol. 109, p. 621).' Apple- 
'ton sdso was the first to find the second or upp^ layer in 1927 (Natures 1927, 
vol. 120, p. 830). This upper layer is reached by short-wave radiation after 
penetrating the lower layer. The tests on Figs, 6, 6, and 7 were all made on 
the upper lay^« t 
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dealing with the building up of such a state by transients 
represented by exponential changes or undulating 
surges. Heaviside’s operator method can be applied to 
these,* and, as a matter of fact, in technical publications 
it has been more used to deal with such states than for 
Heaviside’s main purpose. Heaviside was not in the 
least interested in either of these states, but in an initial 
state which preceded both. The mathematician, when 
dealing with a problem involving distributed capacitance 
and inductance, divides up the circuit into elements, and 
uses diherential equations in connection with them. 
But, however small the condenser element may be, it is 
assumed that the distribution of Faraday tubes con¬ 
necting the plates is just as if the voltage between them 
vrere steady, and as if the tubes extended throughout 
space. The same assumption is made with regard to the 
inductances. These assumptions are quite wrong at the 
start, since a disturbance can only spread at a limited 
speed V, so that at a time t it must always be confined 
within a sphere of radius vt. Heaviside was interested 
only in the front of the advancing disturbance. The 
transient state represents the building up of the final 



^AAAAAAAAAAAAA/WW\AA 

lllOcycles per sec. 

Fig. 7. 


state by means of the cumulative efiects of a multitude 
of reflections which are successive, not simultaSeous. 
Heaviside wanted to study the behaviour of the fiirst 
pulse which travels beyond the reach of even the first 
reflection. Mathematics contains much about waves. 
Hertz gave some beautiful examples in one of his papers. 
Such work either is confined to ether free from matter, 
or deals with forms of matter so simple mathemati¬ 
cally that they do not at all resemble a telegraphic 
circuit. Heaviside wanted to reach a definite result in 
an actual engineering problem. He was not the man to 
replace the physics by a convenient assumption in order<» 
to revel in pure mathematics. Instead of discarding the 
physics, he threw away the mathematics and stuck to 
his problem. Finding no mathematics to help him, he 
went ahead without it. 

The problem being to find out what happened to a 
pulse, Heaviside had to do two things. He first had to 
express a pulse in mathematical language ; he next had 
to dear with the pulse. For the first purpose he used 
his unit function, and, for the second, his operator 
method. The two are quite distinct, but since each is 
used in the same example, while neither is explained, it 
often seems to be assumed that they are essential parts 
of one method. They form two incomprehensible^, and 

'. *: The xesnlt in such cases is simply to establish the ordinary alternate-current 
formula involving impedances, or complex numbers. Heaviside had done all 
this in 1878 byB6ole*s methoi^. in his early telephonic papers, before alternate 
cunrents had ooane into coxomercial use. 


the presence of the one is held to account for the mystery 
of the other. They are quite separate things, one being 
wanted to formulate the problem, and the other to solve 
it. Heaviside deals with each of them in a way which 
shows up his resource and also his attitude towards 
mathematics. He was more interested in the use of 
mathematics than in the making of it. He showed this 
in his work on the cable problem, just as Fourier did in 
his work on the theory of heat. The w'ork of each has 
been regarded by the rigid mathematician as sadly 
lacking in the rigour now required ” by such mathe¬ 
maticians. 

Heaviside held that the most convincing of all proofs 
of a method was the verification of results predicted by 
it; that there were ways other than mathematical ones 
for proving things; and that sometimes these other 
ways could even be used within purely mathematical 
regions. In particular, since mathematics can often 
be used to deduce, from known physical results, other 
results not yet established, it must at times be possible 
to use the physics of two sets of known results to prove 
the strength of a mathematical chain connecting them. 
He frequently uses physical arguments to establish 
mathematical results. '' Familiarity with the working 



out of physical problems breeds contempt for the idea of 
requiring a special demonstration of what seems to be 
necessary.’' He even says: “ Physics is above mathe¬ 
matics, and the slave must be trained to work to suit the 
master’s convenience.” Heaviside has never been 
popular with mathematicians. 

It is easy to represent by a curve a pulse having 
strength P for certain values of the variable z, and 
having zero strength for all other values of z; but it is 
not easy to find a mathematical formula for it. 

Heaviside assumed the existence of a unit function 
H(z) which was to be unity whenever z was positive, and 
zero whenever z was negative. A stationary pulse of 
strength P, and base a, can then be expressed as 

pIH{z) - H{z- a)} 

since outside the range 0 < 2 <a the two values of H 
are either both zero or both unity, so that their difier- 
ence is zero and the quantity vanishes; while within 
this range one of the values, of H becomes unity and the 
other zero, so that the expression gives the true value P 
of the pulse. 

If the pulse is moving with velocity v, it will be seen 
from Fig. 8 that we have at any time ^ 
z ^ X {vt a) 
and by substitution we see that 

P[flr(!8 - + o) — ^(as - v«)] 
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represents the true value of the pulse, whatever values 
we give either to x or to t. 

This unit function is used by Heaviside throughout 
his work. He argued from physical considerations that 
such a function must exist. He did not know, and did 
not even try to find out, what it was. He could see that 
it must have certain simple properties, and that he 
could use it. This was quite enough for Heaviside. 
His argument in what he calls physical mathematics 
can be illustrated with the aid of the example already 
referred to. 

Let a switch close at time 0 a circuit governed by 
E==RG +LC 

with JS/ = 20 volts, jB = 5 ohms, and L = 5 mh. The 
mathematician gives us the solution as 

C = f (1 - = 4(1 - e-i 

jB 

This tells us that C reaches its steady value of 4 amperes 
in a small fraction of a second. It also tells us that at a 
time of — 1 second it was (approximately) -- 8 x 10^ 
amperes. Heaviside talks darkly of men who strain 
hard over a few gnats yet “swallow, quite unawares, 
all the camels in Arabia. “ Yet what is the act of 
swallowing a few camels compared with that of swallow¬ 
ing a negative current such as this ? Common sense may 
point out that the switch was not closed at the moment 
in question. This may be common sense. Is it mathe¬ 
matics ? The switch is an important part of the circuit 
but forms no part of the mathematical problem. The 
precise mathematician, who declares that mathematics 
is nothing if not accurate, has given us an answer which 
is not even approximately correct. He says blandly 
that t is restricted to positive values. But who has so 
restricted t, and where does the restriction appear in the 
mathematics ? The fact is that E is not 20 volts, but 
20 H{t) volts, or alternatively that R is 5 ohms divided 
by The factor H{t) appears in the answer for <7, as 

well as in the original equation. This is the mathe¬ 
matical reason why C is zero until t is positive. 

This example can now be used to express in full form 
the operator problem, which we see involves not only the 
operator but also the special function H(i). We have 

This is only a simple case. Let us consider what it 
means mathematically. The Hif) function, which 
Heaviside did not even try to formulate, can be shown 
to be an infinite series of a most complicated kind. The 
pulse jE 7, to which the operator is applied, may in simple 
cases be a constant, but in general it changes in an 
arbitrary fashion over a range of the variable, so that it 
has to be represented by a Fourier series also containing 
an infinite number of terms. The operator itself, 
whether simple or complicated, is always expanded by 
Heaviside into an infinite series of terms involving 
powers of p. Heaviside did not know, and did not try 
to find but, what p was. He merely knew how to use it. 
We have iius to deal with the product of three infinite 
'eries. . 


A mathematician will discuss at length the con- 
vergency or divergency of an infinite series, and at even 
greater length will point out the grave risks attending 
any attempt to multiply together two such series. His 
views about the multiplication of three series, like these 
of Heaviside, do not seem to have been published. 
There may be limits to what a publisher can print. 

Heaviside's view of the problem was not that of a 
mathematician but that of an engineer. His problem, 
however formidable in appearance, is, after all, much 
like that which the ordinary engineer has to face every 
day in his life. Consider how an engineer deals with a 
substance like steel. Any good modem book on physics 
will convince you that it is appalling to contemplate the 
multitudinous things about the structure of steel which 
the engineer does not know. What should give rise to 
no little surprise is that, in spite of such a terrible curse, 
not one of them seems a penny the worse. The engi¬ 
neer does not, to begin with, try to find out all about 
steel. He simply uses steel. He tests it, finds out some 
of its properties, learns from experience that he can 
rely on those properties, designs his engines and struc¬ 
tures accordingly, and gets results quite satisfactory, not 
only to himself but to the world at large. No one is so 
sure as the engineer that, if a steel will stand a puU of 
10 tons to the square inch, it will go on standing that 
pull in spite of all the structural theories depending on 
groupings of molecules, or of atoms, or of electrons, or 
of any of the other “ ons " by means of which modern 
physics explains, or explains away, the structure of steel. 

Heaviside's motto was “first get on in any way pos¬ 
sible, leave the logic for later work.'' He got down 
to his problem and said to himself something to this 
effect:—^I have now reached at last an exact mathe¬ 
matical representation of my problem .. . well... if 
this is a precise expression of the problem to be solved, 
it must in some way be an equally precise statement of 
the answer to be found. There is no need to worry any 
longer over mathematics. I have simply to read off the 
answer. 

He tried in all sorts of ways to do this. The marvel is 
that he got through. He no doubt had failures, and no 
doubt used these as steps to success. He soon found 
out how to intepret his operator p so that in some cases, 
in which the solutions were already known, he got the 
right results. He thus arrived at his “ rule “ by use of 
,,which he could get a definite result in every case. These 
results proved to be consistent in coimection with 
similar problems, or with the same problem in various 
forms. Heaviside knew weU, and admitted fully, that 
such results were not proved. No one troubled less 
about proofs-, but no one troubled so much about verifi¬ 
cation. He proved nothing. He simply made sure he 
was right. Wiih Heaviside a proof was in general little 
more ^an a way of meeting the whinis and fancies of 
other people. To make sure of being right is to appeal 
to experience for a judgment. This test Heaviside never 
failed to apply in ample fashion. 

Now wd all use euqperience, but theorists are apt to 
forget that on all questions experience is the final court 
of appeal. The engineer makes good use of matter 
without knowing what it is. He reproduces results, and 
forms his own theory about the process. There never 
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was a greater mistake than to suppose that the practical 
man looks down on theory. No one thinks so highly of 
it. He only makes one condition. The theory must be 
his own. In this respect the engineer is sadly like men 
who are not engineers. The theory may be crude, yet it 
is founded on experience, and, within the range of that 
experience, it is reliable. That is enough for the engineer. 

Next take the ph 3 rsicist. No one evolves such weird 
theories about matter. They make one ask:—Why do 
these imaginations rage so furiously together? Yet, 
however wild the theory, if it leads to experiments 
yielding consistent results, and if these results serve to 
connect facts not previously associated together, the 
physicist is quite sure that he has made an advance, and 
that his theory contains some of the truth. No theory 
can contain the truth, the whole truth, and nothing but 
the truth. 

Finally, take the mathematician. What does the 
mathematical leader do when he is in dif&cult case? 
He evolves what he calls a symbolical method. He does 
not explain, or even define it. He is not quite sure of 
his ground, but he sees a possibility of advance. In 
essence he proceeds just as Heaviside did, though he is 
rarely so frank about it. He does not understand his 
method, but goes ahe?»d as if he did, and tests his results 
for consistency. Now consistency of results is to the 
mathematician what experimental tests are to the 
physicist and what experience is to the engineer. It is 
the mode of testing the range within which the method 
can be trusted to give reliable results. In no case is a 
full proof given. 

If there is any difference between the unrecognized 
method of Heaviside and what is one of the standard 
methods of the pure mathematician, it is due to a fact 
characteristic of Heaviside. In his case there was 
always a definite object in view. From this he never 
turned aside to evolve interesting mathematical theorems. 
He worked steadily on at his actual problem until he 
carried it through to a finish. The formula was not 
the finish, as is usually the case. With Heaviside the 
formula was but the beginning, not the end, of the 
solution. He went to great labour with arithmetic to 
grip the meaning of his formula, and used every physical 
argument he could think of to realize its application. 
His solution was reached more by physics than by 
mathematics. The most extraordinary fact about the 
operator method is that it is an abstruse form of analysi^ 
which might have been expected to attract the mathe¬ 
matician and to repel the technical man, yet it is to 
technical publications one must turn for appreciation of 
Heaviside’s work. This work aimed at useful results, 
and it is these that appeal to the engineer. It was the 
useful trend of the work that deflected from it the 
attention not only of the mathematician but even of 
the physicist. The physicist did not realize that, technical 
as it was, the problem was in the main one in pure 
physics, and the mathematician did not see until quite 
recently that the analysis in spite of its usefulness was 
yet a form of mathematics of singularly pure type. 
Since Heaviside did not profess to explain his. method, 
it would be out of place in an account of his work to 
dwell upon what he did not do; but it would not be 
right to make no reference whatever to the large amount 


of mathematical work which has been done in making 
clear the actual working of the method and in searching 
for a firm base on which to justify it. 

The late Prof. Bromwich was the first mathematician 
of high standing to show sympathy with the operator 
method. His earliest paper was published in 1916. 
Since Heaviside’s death in 1925 other efforts at explana¬ 
tion have been made, and several good books dealing 
with the method have appeared in print. These books 
explain in a simple way the actual working of the 
method in connection with examples such as Heaviside 
used, and also in regard to what may be called more 
up-to-date examples in telegraphy. Whether any 
fundamental theory of the method is given is, however, 
quite another matter. 

The two most original contributions to this subject 
appear to be those of Prof. Bromwich and of J. R. 
Carson. Bromwich’s method is one of great beauty and 
power. It justifies and extends Heaviside's results. 
Nevertheless, I cannot imagine two methods more 
unlike than those of Bromwich and of Heaviside. The 
Carson method, on the other hand, is very similar in 
form to that of Heaviside. It approaches the subject 
from quite an independent starting point, and, by 
basing the analysis on what is known as an integral 
equation it puts to new use a large number of estab¬ 
lished mathematical results in a way such as greatly to 
extend the application of the method. Moreover, 
Carson applies Borel’s theorem. By so doing he extends 
the method still further and, what is even more impor¬ 
tant, he appears to give the method much additional 
power. This has been shown in the work of Carson 
himself, and still more in quite repent work by Balth 
van der Pol. 

In my own contribution to the subject the aim has 
been to formulate the unit function in precise mathe¬ 
matical language, and also to establish theorems justi¬ 
fying the use of Heaviside's index operator p. In my 
view, the connection between the methods of Heaviside, 
Bromwich, and Carson, is simply this. Each is a sym¬ 
bolical method. Every symbolical method proceeds on 
assumption, since there must be an assumption about 
any method which involves taking a step that is not 
fully explained and justified. Each method starts from 
a different base, but the actual working is not question¬ 
able in any case; the results reached in each case are the 
same, and are also known to be correct. The natural 
conclusion is that there is something common to the 
assumptions made in the three cases, and that this 
common part must be true. I have explained my views 
of this elsewhere, but, whatever the truth may be, the 
great interest of Heaviside’s work does not lie in any 
theoretical justification of it which Uas been, or which 
may be, given, but in the fact that Heaviside got 
through without any explanation at all. He evolved a 
working method based upon trial, confirmed on test, and 
finally put to use on the largest scale humanly possible. 

Conclusion, 

Heaviside’s work can be summarized in four conclu¬ 
sions, three of which are not likely to be disputed, while 
the fourth is, from its nature, very debatable and will 
certainly not be generally admitted. 
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In the first place, Heaviside's actual analysis was 
always simple, clear, direct, and compact. His writings 
do not exhibit the orderly arrangement of a textbook. 
It was his characteristic never to leave a definite prob¬ 
lem unfinished; but when engaged on pure theory he 
could hardly get through a page without wandering off 
into some application to physics involving more or less 
debatable assumptions about matter. He never 
troubled to assemble his results. He uses his operator 
throughout his work, but does not trouble to give any¬ 
where a complete definition of it. He puts the electro¬ 
magnetic laws into the simplest and most symmetrical 
of forms, but nowhere collects them into four lines, as 
can readily be done. He was not writing a textbook for 
beginners, and certainly he was not writing a so-called 
elementary treatise for those who love rigour. He was 
dealing with electrical problems in a series of articles 
published in the Electrician^ a weekly technical journal. 
The articles were spread over a period of many years. 
He was allowed great freedom as to what he wrote, but 
one condition was always strictly imposed. After first 
publication not a letter could be changed, since the type 
was kept set up until the corresponding section of the 
book was printed. Whose writings would survive so 
well as those of Heaviside a test so severe and so pro¬ 
longed ? These writings are often called obscure. This 
is true in two important respects. His efforts to make 
things clear seemed to stop with himself, for he never 
seemed to imagine that a point clear to himself could be 
other than clear to his reader. He would at times 
stride casually over a mountain and leave his reader to 
struggle after him to reach a ridge from which he could 
be seen in the distance. The basis of his operator 
method has been obscure to everyone, but Heaviside 
himself did nol; profess to understand this. He merely 
showed how to work the method, and claimed that it 
led to correct results. In all cases he was obscure only 
when he himself thought there was no need further to 
explain. 

Next, as regards the electromagnetic theory, Heavi¬ 
side's work was to simplify its basis and to develop a 
mathematical machine specially suitable for use with it, 
and this machine he applied to physical problems in a 
way that aroused the admiration of the leaders of 
electrical science. No greater service can be rendered 
to any theory than to put its fundamental points in the 
clearest and most workable form. The greater the theory 
the greater is the service. This function Heaviside ful¬ 
filled so well that he has fixed his mark on Maxwell's 
theory. 

Thirdly, his work on the cable problem, while all 
directed to one end, necessarily had to surmount one 
difficulty after another and did a great deal more than 
lead to the theory of the loading coil. It shows that 
ordinary telegraphy is but a special form of directed 
wave telegraphy, and that Heaviside was the first radio 
telegraphist. The wonderful work of radio engineers 
refers to the invention and development of the trans¬ 
mitter and of the receiver. In regard to what happens 
between the two there is more to be found in the writings 
of Heaviside than elsewhere. Heaviside's analysis in 
connection 'with Maxwell's theory, though involving 
many short cuts, was yet all of standard type, and showed 


that he could use standard mathematical methods as 
well as anyone. In the analysis of the cable problem, 
all things “ suffer a ' sea' change into something rich 
and strange." He threw over conventional forms of 
mathematics, but never left his problem. The reader 
could always get help from good textbooks in regard to 
any difficulty met with in understanding the work on 
Maxwell's theory, but as regards the cable problem no 
mathematical library included, until quite recently, any 
book which is at all helpful in connection with the 
operator method. Heaviside was a rough-rider ex¬ 
ploring new country, not a maker or mere user of rail¬ 
way lines. His work is not to be judged by the difficulty 
of following in his tracks, but by the news he brought 
home with him on his return. 

We come finally to the debatable conclusion. If 
mathematicians ever spend on the work of Heaviside as 
much as 1 per cent of the time they have spent on the 
work of Fourier, they will find many things which will 
astonish them. They may not be willing to admit— 
what I suggest is the fact—^that Heaviside was a second 
Fourier. This much at least is certain. Heaviside, in 
his search for a solution of a definite problem, explored 
new ground and turned up many by-products to which 
he paid no attention, though at times he made a passing 
comment on their mathematical interest. The result is 
that his writings are sprinkled with what may be called 
diamonds in the rough. The mathematician does not 
appreciate diamonds until they are thoroughly worked 
up and until they sparkle from every point of view. 
Many years may pass before these by-products are 
examined and fitted for admission to the mathematical 
museum, but sooner or later this work will be done. It 
will then be clear that the reputation of Heaviside, great 
as it now is, will become yet greater as time goes on. 

APPENDIX 1. 

Historical Notes. 

An immense advance, both in electrical engineering 
and in electromagnetic theory, took place during the 
six years 1882 to 1888. Electrical developments were 
brought to public notice by the Crystal Palace Exhibition 
of 1882. This date ifiarks the coming of the good 
armature due to Gramme, and of the glow lamp due to 
Edison and Swan. The construction of good d 3 mamos 
Tlates from 1886, when two important papers were pub¬ 
lished dealing with the magnetic circuit. One of these 
was due to Hopkinson, and the other to Kapp. The 
former was highly scientific and quite to the point, but 
not widely understood. The latter contained Kapp's 
idea of magnetic resistance, now called reluctance, 
which made the application of known theory crystal 
clear to the designers of dynamos. The year 1888 
marks the coming of altemating-current practice, the 
date of the Grosvenor Gallery installation, of the run¬ 
ning in parallel of transformers and of alternators, and 
of the generation and distribution of high-tension 
currents by paper-insulated cables; all developments 
largely due to the genius of Ferranti. 

Maxwell's theory dates from 1864, and his book on 
"Electricity" frdm 1873 (first edition), and from 1881 
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(second edition). It was in 1882 that Heaviside began 
to write papers on telegraphy from the point of view of 
the wave theory. That year is important for another 
reason. Prof. G. F. Fitzgerald tried very hard to devise 
experiments to prove the existence of Maxwell’s waves. 
He did not succeed, but he did suggest the method 
afteiwards used by Hertz for producing short waves, 
since he pointed out in 1882 that the discharge of con¬ 
densers of small capacitance through coils of small in¬ 
ductance, would yield the short waves required. It 
only needed a spark to convert the suggestion of Fitz¬ 
gerald into the experiments of Hertz. No one thought 
of using a spark as an indicator of voltage. Hertz did 
this in 1886, but his early papers were not printed ih 
Germany until 1887, and his work was not known in 
England until after Lodge, using sparks imitating light¬ 
ning flashes, had obtained results similar to those of 
Hertz. The waves were studied by Hertz as from a 
ship at sea, and by Lodge as they broke upon the shore. 
The experiments of Hertz resembled those of light or 
sound, while those of Lodge formed the earliest examples 
of wireless telegraphy. Hertz’s work was not widely 
known until Fitzgerald drew public attention to it in an 
address to the British Association in 1888. 

The year 1888 not only marks the beginning of alter¬ 
nating-current engineering. It is as good a date as can 
be chosen to denote the start of the supremely important 
researches of J. J. Thomson on the conduction of elec¬ 
tricity through gases, which led to the discovery of the 
electron and to the revolutionary changes, in physics. 
The new theories made possible the invention and 
development of the heavy-duty mercury-arc rectifier, 
and also of the thermionic valve by means of which 
broadcast telephony has been made possible. 

Heaviside’s share in this development is represented 
by many papers, wrritten between 1882 and 1885, which 
made clear, and developed. Maxwell’s theory. Poynting 
and Heaviside were working on this subject quite inde¬ 
pendently between 1883 and 1885. They covered much 
the same ground, and ran a close race ending in a dead 
heat. 

In 1883 Heaviside developed some early work of 
Maxwell on the inductance and resistance of solid con¬ 
ductors and cores for transient currents. He was 
dealing with what is now known as the skin effect in 
thick conductors. Lord Rayleigh was doing similar 
work, and both he and Heaviside were aware that the 
results, in the light of Maxwell’s theory, showed thaC 
rapidly changing currents behaved as if they entered, or 
left, the core through the dielectric, rather than by way 
of the circuit. The results were as yet devoid of experi¬ 
mental evidence, and few took interest in these investi¬ 
gations. In 1886 the President of this Institution was 
Prof. Hughes, the inventor of the printing telegraph and 
also of the microphone. In January of that year he 
delivered his presidential address, during which he 
showed and described some wonderful experiments with 
his induction balance. The effects were most complex, 
and were due to a combination of many causes. They 
aroused much attention and criticism. No one was 
better able to criticize them than Heaviside, who had 
made a profound study of the induction conditions 
needed for a true balance. He did criticize Hughes’s 


results, but he was also keenly interested in them, 
because he realized, and was the first to point out, that 
they involved the first direct experimental evidence* in 
favour of Maxwell’s wave theory. They preceded the 
earliest experiments of Hertz. 

Heaviside was aware in 1883 that there was no founda¬ 
tion for the common idea that the energy of an electric 
current travelled round the circuit with the current, but 
he had not yet worked out from Maxwell’s equations 
how the energy moved. In his Electrical Papers,” 
vol. 1, p. 377, in a chapter entitled “Transmission of 
Energy into a Conducting Core,” he writes “ the direc¬ 
tion of maximum transference is therefore perpendicular 
to the plane containing the directions of the magnetic 
force and of the current, and its amount proportional to 
the product of their strengths, and to the sine of the 
angle between their directions.” This was published in 
the Electrician on the 21st June, 1884. He makes no 
mention of the work of Po 3 mting, though, at a later 
date, he fully acknowledges Poynting’s priority. It is 
possible, though hardly likely, that he had heard of 
Poymting’s result, but he could not at this date have 
seen Poynting’s paper, since this contains a footnote 
dated the 19th June, 1884 (see “Collected Papers,” 
p. 184), and could not have been published at the time 
Heaviside wrote the article. 

Poynting’s paper containing the theory of the flux of 
energy, was sent to the Royal Society in December 
1883, and was read in January 1884. 

During 1884 Heaviside completed his work on Max¬ 
well’s equations, and succeeded in putting the funda¬ 
mental laws into a simple symmetrical form. His 
results were published, together with his independent 
proof of the Poynting flux, in January 1885. In Feb¬ 
ruary 1885 Po 5 mting read before the Royal Society a 
second paper which developed the results of the previous 
(1884) paper. It analyses Maxwell’s theory, shows the 
significance of the cross-cutting law, 4 (c.c.), and, in 
general, expands his views about the physical nature of 
the electromagnetic fluxes. It is mainly in regard to the 
nature of these fluxes that writers oh Maxwell’s theory 
differ from one another. It is of special interest to 
contrast the views of Poynting with those of Heaviside, 
since .each discarded from Maxwell’s theory certain 
points which the other retained. 


APPENDIX 2, 

The Nature of the Fluxes in Maxwell’s Theory. 

Faraday’s conception of fluxes was physical, while 
that of Maxwell was mathematical. The wave theory 
introduced two new scientific concepts: the principle of 
the localization of energy, and the concept of dielectric 
currents. Maxwell did not give any clear physical 
explanation of what he meant by a dielectric current, 
and, since a conduction current was assunxed to flow 

* It is evidence of tlie skin effect that is here deferred to. Mr, Evershed in 
his summary last year of the work of Hughes {Journal /.E.E., 1931, voL 69, 
p. 1248), shows that “ Hughes did in fact discover the coherer ’ ’ and used it as a 
relay, with a telephone and battery, to detect wave effects at distances up to 
300 yards. At the time these results were obtained they were regarded aS: 
ordinary inductive effects. In connection with early work on electric waves, 
reference should be made to the work in 1870 of Bezold who used dust figures, 
to detect nodes and intemodes. Hertz paid a graceful tribute to this work by 
including a surumary of it in his book on electric waves. 
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along the wire in the direction of the electric force, it 
was natural for most students to regard a dielectric 
current as a vector directed along He- This is not 
really in accordance with the views of Faraday, who 
always refers to transverse action. Poynting in his 
1885 paper adopts a " change in the point of view in 
which induction is regarded as being propagated side¬ 
ways rather than along the tubes or lines of induction.'* 
This amounted to a return to Faraday's physical con¬ 
ception of fluxes. Poynting turns, the law 4:(x) into the 
form 4(c.c.), but does not put it into the vector form 
. Heaviside followed Maxwell in treating the fluxes as 
purely mathematical. It is curious that he does not 
appear at all to favour the concept of lines or tubes of 
force. He says ('* Electromagnetic Theoiy," vol. 1, 
p. 30): " I must, however, wonder at the persistence 
with which the practicians have stuck to ‘ the lines,' as 
they usually term the flux in question." Poynting's 
concept of a current G was " that C electric induction 
tubes close in upon the wire per second." This concept 
of transverse action harmonizes with the vector law 
4:{v), a law which was in essence realized both by Heavi¬ 
side and by Poynting, but which, for quite different 
reasons, neither of them used in analysis. 

Heaviside maintained that Maxwell, when establish-, 
ing his theory, cleared away many cobwebs from the 
older theories, but did not entirely remove them, since 
he retained in his equations certain needless quantities 
expressed in terms of potential functions involving the 
idea of action at. a distance. Hertz agreed with this 
view, and discarded all remote action effects. In his 
work on " Electric Waves " (translation by Jones), he 
says (p. 196), in reference to Maxwell's representation, 
that " it frequently wavers between the conceptions 
which Maxwell |ound in existence, and those to which he 
arrived while as regards the work of Heaviside, he 
says (p. 196), " from Maxwell's equations he removes 
the same symbols as myself; and the simplest form 
which these equations thereby attain is essentially the 
same as that at which I arrive." Thus Heaviside and 
Hertz each regard the circuital laws 4{c) as both neces¬ 
sary and sufficient. They gave Heaviside aU that he 
wanted, and this appears to be the chief reason that he 
made no use of the vector law 4(i;). Poyntingi however, 
clung to Maxwell's ideas, Though he arrived at both 
4(c) and 4(t;), he did not regard either of these laws as 
sufficient, and used Maxwell's original equations in a 
slightly modified form. 

Heaviside did not pay as much attention as Poynting 
did to the physical nature of fluxes, but no writer on 
electromagnetic theory is so insistent on the necessity of 
regarding JE?^, and as distinct physical entities. 

Most writers seem to regard H and B in the ether, if not 
entirely, yet mainly, as merely two aspects of the same 
quantity. Po 3 nting, when analysing Maxwell's theory 
in the 1885 paper, does not even refer to the force-flux 


law 1. The view of Hertz is clear and drastic. In his 
book on waves he refers (p. 139) to " a number of auxi¬ 
liary ideas which render the understanding of Maxwell's 
theory more difficult, partly for no other reason than 
that they really possess no meaning, if we exclude the 
notion of direct action at a distance," and in a footnote 
he adds " as an example I would mention the idea of a 
dielectric constant of the ether." He repeats his view 
of the needless character of this idea on page 196. He 
writes the circuital laws 4(c) as 

-4H^ = curlH,; .4H, = curlH^; 

where A is the reciprocal of the velocity of light. He 
assumes that in the ether Hg is identical with Bg, and 
also with He measures these in " absolute 

Gauss's units," so that the square of each has the 
dimensions of energy with 

877 " ^ %7r ^ 

Such an aspect of the matter is not in accordance with 
the views of Heaviside, and really amounts to asserting 
that all four quantities Hg, J5g, have the same 
physical dimensions. 

The needless additions to Maxwell’s equations are 
discussed from a new point of view by Heaviside in his 
paper printed by the Royal Society in 1892. He criti¬ 
cizes the form of the Poynting flux of energy, and the 
aspects of the various fluxes occurring in Maxwell's 
equations. He appears to be discussing the individuality 
of fluxes when due to distinct energy sources. This 
subject is one which seems to merit more attention than 
I has hitherto been given to it. 

APPENDIX 3. 
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Summary. 

In this paper the authors* aim is to give an outline of a 
system of analysis of the costs of electricity supply, which is 
suitable for use by a large undertaking giving supply under 
very varied conditions to consumers of many different types. 

The system described has been evolved during the last 
eight years in connection with the undertakings of the New¬ 
castle-upon-Tyne Electric Supply Co., Ltd., and its subsidiar^^ 
companies, and though it has not necessarily reached its final 
development it has at any rate passed beyond the purely 
experimental stage. 

The paper gives an outline of the method of analysis of all 
costs and capital charges, but deals in greater detail with those 
involved by the smaller classes of consumers, the supply to 
whom is receiving so much attention at the present time. 

A complete example of an anal 3 rsis is included to illustrate 
the method of working. 

The paper is divided into the following sections:— 

(1) Reasons' for cost analysis and the principles aimed at 

in the system described. 

(2) An outline of the method of analysis. 

(3) Data concerning characteristics of use of electricity by 

various "types of consumers, required in order to apply 
the information obtained from "the cost analysis, and 
the methods adopted to obtain these data. 

(4) Practical applications of the analysis. 


(1) REASONS FOR COST ANALYSIS, AND THE 
PRINCIPLES AIMED AT IN THE SYSTEM 
DESCRIBED. 

The commodity sold by electricity undertakers is not 
one which lends i'tself to sale as simply as those articles 
of commerce the value of which can be expressed by such 
ordinary units as weight, volume, or length. What is 
sold is really a service or ■the undertaking of certain work 
and duties on behalf of each customer. The propet 
price for such service must be related both to the value 
of the service to the customer and to the cost to the 
supplier of providing the service. The cost of providing 
such service varies greatly under ■the different conditions 
entailed by "(±10 requirements of different customers. The 
unit of sale most commonly employed—or at any rate 
most general until recently—is the kilowatt-hour or 
Board of Trade unit, but the number of such units 
supplied bears but little relationship to the cost of the 
service or its value to the customer. It is for this reason 
that there has always (and rightly) been such a wide 
variation in the charge per unit for various uses. 

With the extension of electricity supply to new uses 
and to widespread areas it is becoming increasingly 
realized that it is essential for suppliers to be able to 


estimate with comparative accuracy the relative costs 
entailed by various "types of loads and different classes 
of consumers. As long ago as 1892, Dr. John Hop- 
kinson, in his Presidential Address to the Junior 
Engineering Society,* said ‘^ Our complete engineer must 
give his attention to commercial matters as well; he 
must know if, when he has devised "the means to attain 
the ends in view, those ends when attained will result in 
profit; he must recognize the conditions which render an 
undertaking economical to work and which secure that 
it shall bring in a large return.*’ Dr. Hopkinson then 
explained the principle of dividing costs into standing 
or fixed and running costs, and since that date much 
further work has been done in applying these principles 
to generating costs. 

Table 1. 


Type of consumer 

Generation 

Distribution 

other 

expenses 

Large works with continu- 

per cent 

per cent 

per cent 

ous process 

Small works—^power and 

69 

ao 

12 

lighting .. 

Small house, making gen¬ 

43 

42 

15 

eral use of electricity .. 

32 

43 

25 

Small house, lighting only 

9 

50 

41 


In recent times the introduction of the Electricity 
(Supply) Act, 1926, with its provision for the sale and 
purchase of electricity at selected stations on a basis of 
cost of production, has directed considerable attention 
to accurate cost analysis in relation to generating costs. 
This, however, takes one but part of the way, as the 
costs of distribution and selling must be dealt with 
before information of general utility can be obtained. In 
the case of the smaller -types of supply these latter costs, 
which are more difficult to analyse, far outweigh the costs 
of generation. The figures in Table 1, for a few typical 
consumers, give an indication of the relative value of the 
costs and capital charges due to generating and distribu¬ 
tion and of other expenses incurred in the supply of 
electricity, such as meter reading, accountancy, and 
management. 

The fact that it is seldom, if ever, satisfactory or 
practicable to sell upon a pure cost basis, as the proper 
price of any commodi'ty is governed more by its value to 
the customer (which must ultimately be realized to be 

* Now the Jumor Institution of Engineer. 
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true even under a national scheme), is no reason for 
neglecting a careful consideration of cost, so that the 
necessary departures therefrom may be made with know¬ 
ledge and intention and not in a haphazard manner. 

The principle, therefore, which has been kept in view 
in this analysis of electricity costs is that each class of 
supply should be debited with its true proportion of 
every item of cost, so that a sound basis may be obtained 
on which development can be built. Particular care is 
taken to avoid crediting any type of supply with advan¬ 
tages of a temporary nature, such as a smaller proportion 
than its permanent share of any capital costs, arising 
for instance from the existence of spare capacity for the 
time being, or such considerations as the precise hour of 
peak load during recent years. Temporary conditions 
of this nature may enable certain load to be taken on 
profitably at a reduced figure for the time being, but if 
this is done the difficulty of adjustment to a correct 
figure later when such temporary conditions pass away 
has to be faced. 

(2) AN OUTLINE OF THE METHOD OF 
ANALYSIS. 

The system of cost analysis to be described in this 
paper can be roughly divid^ into three stages:— 

(1) The division of annual costs and of capital expendi¬ 
ture under a sufficient number of suitable headings, and 
the allocation of the item under each heading as a fixed 
charge or running cost, or its further division so as to 
allocate part as a fixed charge and part as a running 
cost. 

(2) The division of consumers into three main groups in 
accordance with the general conditions under which they 
take supply, and the allocation of the costs and capital 
expenditure divided as above between these groups. 

(3) The analysis of the costs and capital expenditure 
allocated to each group, and the evolution of formulae 
suitable for application to individual members of each 
group. 

It will be noted that capital is dealt with by the 
allocation of the amount of capital expenditure instead 
of by the more usual method of treating capital charges 
as an item of overhead expenses. The expression 

overhead costs ” used later in the paper is exclusive 
of capital charges. 

The method adopted has been found more convenient 
in practice as the figures obtained by it have a wider 
application of use than figures involving the assumption 
of rates of interest and depreciation. 

Division of Annual Costs and of Capital Expendi¬ 
ture Under Suitable Headings. 

I For the purposes of this analysis it has been found 
desirable to keep annual costs and capital expenditure 
under a considerably greater number of headings than 
those required for such official returns as are made to the 

Electricity Commi^ion or the Board of Trade. 

For instance, in the case of distribution, costs entailed 
in connection with high-voltage distribution are kept 
distinct from those incurred in connection with low- 
voltage networks, and, in the case of salaries and wages 
in the consumers' departments, those relating to the staff 

VOL. ;7l,. . 


who deal with lighting and domestic consumers are kept 
distinct from those of the staff who deal with power 
supplies. 

Headings under which aimual costs are kept are set 
out in the first column of Appendix 2 (1). In addition to 
the items tabulated in this Appendix there are certain 
items which cannot fairly be debited to current supply 
and which should be covered by revenue received other 
than from the sale of energy. T 3 q)ical instances are:— 
Repairs and maintenance of public lamps, consumers' 
installations, and apparatus hired to consumers. 

The headings under which the capital expenditure is 
divided follow as far as practicable the appropriate 
headings used for costs, but in many instances the 
division of capital has proved more difficult. This is 
chiefly owing to the fact that, whereas costs are transitory 
and a fresh start can be made in any year under an 
improved system of accounting, capital expenditure is 
cumulative and any change in method involves research 
into earlier years in order that past capital expenditure 
may be re-divided under the new headings. 

The headings under which it has been found practic¬ 
able to subdivide capital expenditure with comparative 
accuracy are given below, the items being capable of 
further division between land, buildings, and plant, 
where such division is applicable. Still further sub¬ 
division might be of some advantage if it could reasonably 
be done, but the subdivisions given have proved sufficient 
to enable the system of analysis described to be carried 
out. 

Generating stations. 

High-voltage interconnecting substations. 

High-voltage interconnecting mains. 

High-voltage transmission and distribution sub¬ 
stations. 

High-voltage transmission and distribution mains. 

Low-voltage distribution substations. 

Low-voltage distribution mains. 

House services. 

Meters (other than in power stations or substations). 

Office buildings and equipment. 

Motor vehicles. 

Test house and equipment. 

Acts and Orders, 

In addition to the items detailed above there is 
^expenditure on reserve coal stocks and stores be 
taken into account. There are also inevitable small 
items of capital expenditure which cannot readily be 
classified under any of the above headings and must come 
under some such heading as ” Miscellaneous" and be 
allocated in a more or less arbitrary fashion, but with 
care the amount represented by such items dan be kept 
to such a low figure as not to have an appreciable effect 
on the final results; ^ , ^ ^ ^ 

Having divided costs and capital expenditure in the 
above manner, the next step is to consider ^ch item in 
the light of whether it (or ffie charge on it in the case of 
capital expenditure) constitutes a fixed charge^*' or a 

running cost," or whether it must be further divided 
between the two. 

In * ^ running costs " are included all those costs which 

■■ "56 ■ ■ ; 
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depend upon the number of units sent out from the 
generating stations. 

Costs and charges which depend upon the kilowatt 
demand made upon the stations, or on some other 
factor independent of the number of units, are regarded 
as fixed charges.” 

With one exception all capital charges and all costs 
other than generation working costs are regarded as 
fixed charges. The exception is that of interest on money- 
invested in reserve coal stocks, as the necessary quantity 
of such stocks depends mainly on the output of uni-ts. 

The division of generating costs into fixed charges and 
running costs has recently been investigated in con¬ 
siderable detail in connection with the allocation of costs 
of production at selected generating stations called for 
by the 1926 Act, and included in Appendix I are the 
formulae for this purpose which have been published by 
the Electricity Commissioners, together -with curves 
resulting from the formulae. These, of course, are 


Fig. 1 illustrates these groups, and the principles of 
allocation are dealt with more fully in Appendix I. By 
means of the detailed division of cost and capital expendi¬ 
ture under the various headings given earlier, it is 
possible to allocate a considerable number of items 
directly to one or more of these groups. Where such 
direct allocation is not possible it has been found neces¬ 
sary to give careful consideration to each item of cost or 
capital expenditure and frequently to undertake further 
analysis of the item, in order to determine the basis on 
which it should be divided between the three groups. 

The two bases of division most usually adopted, 
i.e. demand and units, have not been found by any 
means sufiicient and many other factors have been 
introduced, such as number of consumers of different 
t 3 q)es, capital expenditure on particular kinds of supply, 
salaries and wages of employees concerned, area of ofiice 
accommodation required by staff concerned, etc. These 
factors are necessarily of a somewhat arbitrary nature. 



intended to represent average conditions for selected 
stations, but they are in reasonable agreement with the 
results of the authors* own investigations on a limited 
number of stations, except in the case of repairs and 
maintenance, where the Electricity Commissioners* 
formula allocates a somewhat larger proportion as fixed 
costs than the authors* information suggests to be correct. 

The analysis has now reached the stage when the 
costs and capital expenditure are divided under the 
required headings and each item is to be allocated either 
as a fbced cost or a running cost, or is split into two partsf 
one part to be allocated as a fixed cost and the other part 
as a running cost. 

Allocation Between Main Groups of 
Consumers. 

The next step is to allocate or divide each item between 
different classes of consumers. 

For this purpose consumers are classified under three 
main or primary groups:— 

Group A. Consumers taking a supply of considerable 
magnitude at the power station site* 

Group B. Consumers supplied from the high-voltage 
system. 

Group C. Consumers supplied from the low-voltage 
networl^. 


as they are arrived at by argument and deduction, 
though it is possible in many cases to test their correct¬ 
ness by comparison between different areas of supply 
and the results for different years. Where it is not 
possible to find a single factor which can be regarded with 
reasonable accuracy as controlling any particular item 
of the cost, a special investigation into such item is 
made every few years by splitting it into as small 
components as practicable, scrutinizing each compon¬ 
ent with a view to its proper allocation between the three 
groups, and so arriving at a percentage allocation basis 
for the item of cost as a whole. 

For the allocation be-tween groups of those items 
depending on demand, the demand is taken in kilowa-tts 
and not in kilovolt-amperes. Although the majority 
of items depending upon demand are more strictly pro¬ 
portional to kilovolt-amperes, this method has been 
found sufi&cien-tly correct, as there is little difference in 
the power factors of the groups as a whole. While the 
ligh-fcing and heating load in Group C tends to raise the 
power factor of the group, the " small motor ** load tends 
to lower it, as does also the plant at the distribution 
substations, which in many c^es is unavoidably of 
considerably greater capacity than the load for the 
time being. 

In Appendix II (1) tables are given showing the basis 
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on which the various items of cost are allocated between 
these three groups, and in Appendix II (2) are similar 
data for capital expenditure. There are certain items 
of both cost and capital expenditure the allocation of 
which is too involved to be given in the limited space 
available in the tables. The allocation of these items, 
together with explanatory notes, is shown in Appen¬ 
dix II (3). 

Analysis of the Costs and Capital Expenditure 
Allocated to Each Group, and the Evolution 
OF Formulae Suitable for Application to 
Individual Members of Each Group. 

Having allocated the costs and capital expenditure 
between these three primary groups of consumers, there 
remain the analysis of the amounts debited to each 
group and the evolution of the three distinct sets of 
costing formulae which can be applied to the various 
types of consumers within the three groups. 

The form into which the costs are resolved is neces¬ 
sarily determined by the manner in which it is proposed 
to use the figures obtained. This is referred to later under 
" Practical Application of the Analysis,” but the main 
purposes for which the formulae are required are to 
estimate the financial results which will accrue from 
extension of business into new areas or by the develop¬ 
ment of particular types of supply, to form a basis on 
which tariffs for different kinds of load can be built, and 
generally to enable a simple statement to be readily 
made as to the economic merits of any of the many and 
varied problems which arise in connection with elec¬ 
tricity supply. With these aims in view, taking each 
group in turn, the amount of each item allocated to the 
group is reviewed with the object of its division among 
members of that group on the basis of (a) units taken 
per annum by an individual member, (b) one or more 
specified demands made by such member, and (c) a 
charge per point of supply. 

It will be noted that the large variety of factors intro¬ 
duced in the earlier allocation between the primary 
groups is no longer required, as the conditions within 
each group are sufficiently similar to allow of division 
of costs and capital expenditure between the members 
of the same group by means of a formula containing only 
the factors named above. The working formula thus 
obtained for each group is one of which the variables are 
limited to characteristics which can be determined in 
practice for any particular t 3 ^e of consumer. 

Details of this analysis of the costs and capital expendi¬ 
ture allocated to each group are given in Appendix III. 

In the analysis of the capital expenditure allocated to 
each group the expenditure which is incurred especially 
on account of an individual consumer and is not cominon 
to the general group is kept separate from the rest of the 
formula, and when considering a particular consumer 
the actual e 3 ipenditure applicable to him only is added 
as the final item of capital. For the sake of convenience 
such expenditure is referred to as “ Special capital 
expenditure ” and the proportion of common expendi¬ 
ture as General capital involved,*' while the two 
together are designated ” Total capital involved.” It 
is on this last figure that the percentage returns arising 


from different tariffs and supplies are calculated and th 
profits compared. 

In the case of Group A consumers the problems arising 
are usually quotations for supplies of considerable 
magnitude which deserve very special consideration. 
The analysis forms a useful basis for any calculations that 
may have to be made, and may be used for framing 
replies to urgent requests for quotations for large sup¬ 
plies at high load factor; these are not infrequently 
received, but they much less frequently materialize. 

The analysis of cost for these consumers should present 
little difficulty, as little more than generation costs are 
concerned. Where two or more power stations are 
included any special high-voltage lines performing the 
duty of power-station interconnection should be in¬ 
cluded. 

The analysis of Group B (consumers supplied from 
the high-voltage system) is a little more involved, and 
the formula evolved by analysis is expressed as:— 

Costs per annum = sum of 

(1) £ per kW of demand made on the power stations. 

(2) £ per point of supply. 

(3) Pence per unit delivered to the high-voltage 

busbars at the consumer's substation. 

Capital involved == sum of 

(4) £ per kW of demand made on the power stations. 

(5) £ per point of supply. 

(6) £ special capital (this being the value of any sub¬ 

station apparatus and high-voltage mains used 
only to supply this consumer). 

It should be noted that, in general, no allowance is 
made for distance from the power stations, although the 
system is sufficiently elastic to allow of allocating to any 
consumer expenditure above normal on mains used for 
his supply. 

The demand is expressed as ” demand made on the 
power stations ” so as to allow of a proper adjustment 
being made to the demand as metered at the consumer's 
premises to take account of diversity. A fixed diversity 
factor is not used, the demand on the power stations 
being calculated in each case by the application of 
an efficiency factor and a variable diversity factor 
(normally between 1 and 1» 5), depending on the load 
factor and other relevant conditions of the supply in 
question. 

The demand costs are for convenience expressed as 
£ per kW rather than £ per kVA, as the former figure is 
generally more readily ascertainable, but where the power 
factor differs appreciably from the average for the 
group an adjustment on this account is required. This 
is not difficult to make, as the items of cost and capital 
expenditure dependent on kilovolt-amperes rather than 
kilowatts are fairly easily distinguishable. 

The unit cost can be conveniently expressed as cost 
per unit delivered to the high-voltage busbars at the 
consumer's substation, as the question of diversity does 
not here arise. It thus takes account of average losses 
between the power stations and the substations, the only 
necessary adjustment to units sold being those for losses 
between the point of metering and the high-voltage 
busbars in the substation. 
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The analysis of the cost of supply to the smaller 
consumers coming under Group C provides much more 
scope for investigation because the distribution is carried 
further and supplies are afforded to a multitude of 
different types of consumers for a large variety of 
purposes; furthermore, some of the loads are intermittent, 
some regular, and some seasonal; and each involves a 
separate problem of load factor and diversity. 

The difference in power factor between various 
members of the group is also considerable, and for this 
reason the demand charge in the formula is based on 
kVA. 

This introduces the necessity for a factor for use as 
a divisor in arriving at the amount per kVA in order to 
compensate for the error introduced by arithmetical 
addition of kVA, the sum of simultaneous kVA demands 
at differing power factors being greater than the com¬ 
bined kVA demand resulting ^om them. This factor 
depends upon the proportion of load at various power 
factors and in ordinary practice lies between 1*05 and 
1 • 1 for a.c. networks supplying general load. 

The formula for this group is less simple, but only some 
of the figures in it are used in any particular problem. 

In addition, the application of the formula requires 
specially-prepared technical data. 

The formula is as follows:— 

Costs per annum = sum of 

(1) £ per kVA of effective demand ” occurring 
during the period of heavy load on the high- 
voltage system and power stations. 

(2) £ per kVA of effective demand occurring dur¬ 
ing the period of heavy load on the low-voltage 
networks. 

(3) pence per unit sold to the consumer. 

(4) (a) £ per consumer for lighting and domestic 

consumers on quarterly or monthly accounts. 

(b) £ per consumer for consumers supplied through 
prepajunent meters. 

(c) £ per consumer for consumers taking a supply for 
industrial power purposes. 

Capital involved = sum of 

(5) £ per kVA of “effective demand “ occurring 
during period of heavy load on the high-voltage 
system and power stations. 

(6) (a) £ per kVA of “ effective demand “ occurring 

during the period of heavy load on the lovl*- 
voltage networks, for use when considering 
existing supplies. 

(b) £perkVAof “demand “asfor6 (a},forusewhen 
considering supplies involving extensions of low- 
voltage networks. 

(c) £ per kVA of “demand” as for 6 (a), for use 
when considering supplies involving expenditure 
on a complete network, including a new sub¬ 
station. 

(7) (a) £ per “ standard domestic consumer ” supplied 

from existing networks. 

(b) £ per “standard domestic consumer” where 
supply involves provision of low-voltage mains. 

(c) £ per consumer for shops, offices, etc., supplied 
. from existing networks. 


(d) £ per consumer for shops, offices, etc., where 
supply involves provision of low-voltage mains. 

(e) £ per consumer for works and factories supplied 
from existing networks. 

(/) £ per consumer for works and factories where 
supply involves provision of low-voltage mains. 

(8) £ special capital, being the cost of the service 

apparatus and connection, and the meter. 

The above list of factors may seem formidable but 
the formula is easily applied in practice; in fact the 
majority of routine work involving its use can readily 
be performed by an intelligent clerk having no special 
engineering knowledge. 

The whole process of the cost analysis may be sum¬ 
marized as follows:— 

The total costs and capital expenditure are taken. 
Those costs and capital expenditure not strictly attribu¬ 
table to electricity supply are extracted. 

The remaining costs and capital expenditure are 
allocated to those consumers responsible, the consumers 
having been grouped into three sections. 

The costs and capital expenditure for each section are 
considered item by item and expressed as factors of £ per 
kW or kVA of demand, £ per consumer or pence per 
unit; like factors are then collected into the shape of 
formulae for application to problems. 

A complete example of an analysis is given in Appen¬ 
dix IV. The figures used are merely to demonstrate the 
method and do not relate to the costs of any particular 
undertaking. 

(3) DATA CONCERNING CHARACTERISTICS OF 
USE OF ELECTRICITY BY VARIOUS TYPES 
OF CONSUMERS, REQUIRED IN ORDER 
TO APPLY THE INFORMATION OBTAINED 
FROM THE COST ANALYSIS, AND THE 
METHODS ADOPTED TO OBTAIN THESE 
DATA. 

In order to apply to any particular consumer or 
consumers the formulae derived from cost analysis, it is 
necessary to have information as to his or their use of 
electricity. This information must include the annual 
consumption in kWh and the demand or demands which 
are to be applied to the figures in the formulae. 

In the case of existing consumers the consumption is 
a figure which is practically always known, while with 
new consumers a close estimate is usually available in 
the case of large consumers, and experience gives an 
average figure for the smaller ones. 

In Appendix V tables are given which include aver- 
age yearly consumptions baised upon large numbers of 
small consumers of various types, which may be regarded 
as tjpical, although variations may occur in different 
parts of the countiry. 

^ The demand or demands to be used are much more 
difficult to arrive at, as here Uie factor of diversity is at 
once introduced, acting in opposition to load factor, 

A group of consumers, each of low load factor individu¬ 
ally, may, as a group, have a cdmpaxatively high load 
factor owing to the individual maximum 
occurring at different times, or in other words owing to 
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a high factor of diversity. Obviously, in a group of 
consumers, each with a high individual load factor, there 
is less opportunity for individual demands not to coincide 
and a high diversity factor is not possible. In the 
extreme case of a group of consumers, each with 100 per 
cent load factor, there can clearly be no diversity. 

Although there is difference of opinion on the question 
of peak-load responsibility, there is no great difficulty 
in arriving at the demands to be taken in the case of the 
more usual types of larger consumers where supply is 
taken over a considerable period during each working 
day, and sufficient motors and other plant are installed 
to give a more or less definite and constant load curve. 
The question of consumers making the whole or the chief 
part of their demand at night , or in summer time is 
more difficult, sind requires individual consideration. 

As soon, however, as analysis is extended to the 
smaller class of consumers, such as domestic consumers, 
shops, or consumers with a few small motors, the effect of 
diversity becomes of primary importance, and without 
considerable data concerning diversity and its influence 
it is impossible to proceed very far. 

In order to arrive at the demands in such cases after 
the factor of diversity has been taken into account 
(which demands the authors have termed the elective 
demands '"), a considerable amount of special investiga¬ 
tion has been carried out. 

In Appendix VI the load curves given in the paper 
ate discussed, and it is shown how these ” effective 
demands ** for small consumers have been determined. 
The method adopted for obtaining these curves is as 
follows:— 

Consumers are divided into classes according to their 
type of business and other considerations, and recording 
ammeters are installed simultaneously at the service 
points of a number of consumers of the same class. A 
record is then obtained of, the current taken by each 
consumer over a period, the length of which depends upon 
the constancy of conditions. 

In certain cases it has been found possible to install 
the recorders on a feeder supplying consumers of one 
class only, e.g. a group of small houses with similar 
apparatus installed, but obviously it is only in a compara¬ 
tively small number of cases that it is possible to obtain 
a feeder which supplies one class exclusively. 

The charts obtained from the recorders are then 
analysed into half-hourly demands expressed in kVA, 
and the resultant half-hourly demands for each day from 
Monday to Friday are superimposed one on another, and 
an average weekday load curve is obtained. 

The curves for all the consumers are then superim- 
posed and an average weekday load curve is obtained 
for this class of consumer, which allows for diversity 
between its members. 

The process is continued until the curve assumes a 
definite shape which is practically unaffected by super¬ 
imposing further individual curves. ^ 

An example of the proicesS is given iii Appendix VII. 

This method does not lend itself to the determination 
of general diversi^ factors with a ynde a,ppIication, a.nd, 
in the authors' opinion, great discretion is heeded in the 
use of a diversity factor obtained under one set of condi-' 
tibns unless it is quite definite that same conditions 


obtain in the problem under consideration. Possible 
exceptions are diversity factors referring to areas or 
districts, involving a factor (expressed as sum of indi¬ 
vidual demands divided by simultaneous demand) of less 
than about 1*3. 

The average demands over those periods of the day 
during which the peaks firstly on the generating stations 
and high-voltage distribution system, and secondly on 
the low-voltage distribution networks, are liable to occur, 
are used for determining the '' effective demands.’' 
Some values of '' effective demand ” ascertained in this 
manner are given in Appendix V. 

(4) PRACTICAL APPLICATION OF THE 
ANALYSIS. 

As has already been mentioned, the principal purposes 
for which the formulae axe used are:— 

(1) Estimating the financial results which will accrue 

from the connection of new supplies. 

(2) Forming a basis on which tariffs can be built. 

(3) Enabling consideration to be given readily to the 

economic merits of various problems as they 
arise. 

For the first of these purposes a regular routine has 
been adopted by means of' which a profit-and-retum 
statement is prepared in . connection with any proposed 
extension to, the distribution system before expenditure 
is approved. Copies of some of the forms used for this 
purpose are given in Appendix VIII. 

The adoption of a standard system of assessing profit 
on all supplies, besides being a guide towards sound 
expenditure, has the merit of facilitating equitable 
treatment of different consumers. 

In the consideration of tariffs, the analysis is of great 
assistance as it enables, curves showing cost at different 
consumptions, load factors, etc., to be readily drawn for 
any t 3 rpe of supply. Although a tariff framed on a pure 
cost basis is seldom practicable, a theoretical tariff of this 
nature forms a basis which can he simplified and modified 
into a useful form. 

Some views on tariffs rather contrary to those fre¬ 
quently accepted arise from a study on these lines. One 
i of these is that it is not correct to assume that the unit 
charge in a two-part tariff suitable for domestic supplies 
will be correct for other supplies such as, say, those to 
Slops. This is because it is not suitable in practice to 
make the unit charge as low as the theoretical cost 
varying with units, as to do so would not only make the 
■ price to short-hour users higher thah is practicable but 
would be bequitable unless th^^ factor governing the 
fixed portion of the charge was one which took proper 
Bccbunt of diversiiy. As such factors are not available, 
it is more correct, as is eustomary, to make the unit 
charge greater than its theoretical value so that it will 
• cover part of the cost depending on demand, and to 
: reduce the fixed part of the charge correspondingly, By 
i choosing a suitable increase to the unit charge a reason- 
1 able corrective for the effect of varying diversity can* 
i be automatically obtaihed for class of 

consumer, but the .ainouiit of increase so required .vjaries 
j;withdiffk’ent:classeai'.:>:.. 
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Another point is that for domestic supplies a two-part 
tariff consisting of a fixed charge (calculated on floor 
area, number of rooms, rateable value or some such 
factor) and a single charge per unit only gives a good 
representation of cost over very limited ranges of con¬ 
sumption, and such a tariff can be much improved by the 
substitution of a sliding-scale unit rate for the single¬ 
unit charge, the steps of the scale being governed by the 
same factor as that which governs the fixed charge. 

Again, in the case of small power supplies from low- 
voltage networks it will appear from a study of cost 
analysis that a simple sliding-scale unit tariff is probably 
more correct from a cost point of view than any two-part 
tariff in which one of the charges is based on demand, 
kilowatts connected, rateable value, or some such 
factor. 

In addition to the above, the analysis has been found 
of the greatest value in the consideration of all sorts of 
problems, as it provides in a useful form a definite basis 
on which to make comparisons of the economic merits 
of alternative schemes without having to refer to first 
principles in each case. 


APPENDIX I. 

Allocation of Costs and Capital. 

By allocation of costs is meant the tabulation of items 
of cost or parts of items of cost in separate groups under 
the headings of the types of consumers in respect of 
whom the costs are incurred. A similar definition 
applies to allocation of capital. 

This allocation is a preliminary to the process of 
analysis and the evolution of costing formulae. It has 
been found from experience that it is a great help to 
consider allocation and analysis as two separate and 
distinct processes; this enables the essentials to be more 
clearly seen and by concentrating on the allocation as an 
aim in itself the process is performed more thoroughly. 

The method of allocation naturally depends upon the 
form in which the costs are required for analysis, this 
again depending on the way it is proposed to apply the 
results of analysis. 

The object of cost analysis is mainly the solution of 
problems connected with the following types of con- 


(1) Large consumers fed directly from power stations. 

(2) Other large consumers supplied at high voltage. 

(3) Small power consumers supplied from low-voltage 

networks. 

(4) Shops and business premises, etc., supplied from 

low-voltage networks. 

(5) Houses with monthly and quarterly accounts. 

(6) Small domestic consumers supplied through pre¬ 

payment meters. 

It is with these consumers in mind that the method of 
allocation is decided upon. 

In Appendix II will be found a table which gives in 
condensed form the allocation applied to each of the 
more important items, and in order to make this table 


clearer certain principles on which the allocations have 
been made and the reasons which have led to these 
decisions are given here. 

The costs referred to are in all cases the costs for a 
calendar year. 

Generation Costs, 

It has been well known for many years that the fuel 
cost of a power station can be fairly accurately divided 
into fixed costs and “ running costs (the former 
being independent of the units generated and the latter 
directly proportional to the units). This division 
enables the fuel cost to be predicted for conditions of 
load which differ from those obtaining during the period 
under investigation. 

This system of division into " fixed and running 
costs has been recognized in recent years as extending 
to all the main items of generation costs. 

The formulae adopted by the Electricity Commissioners 
for application to the cost of production at selected 
generating stations are quoted below and are also 
depicted in graphical form in Fig. 2. 

In all cases the formulae* state in algebraic terms that 
the percentage of the cost which is fixed varies inversely 
as the load factor. 

The following is an extract from the' Regulations in 
question:— 

" Formulae for ascertaining the portion of certain 
costs, charges and allowances to be allocated as fixed 
costs. 


Cost of Fuel, 

Portion to be allocated as fixed costs 

Cost of Oil, Water, and Stores. 

Portion to be allocated as fixed costs 

Salaries and Wages. 

Portion to be allocated as fixed costs 


100 

100 -f 12-8L 


100 -1- 9-66L 


100 4- 0-38L 


Cost of Repairs, Maintenance, and Renewals. 

Portion to be allocated as fixed costs-^- 

100-h O-OOOlNZr 

where L is the average load factor of the station, as 
defined in Regulation 2; and N. is the number of hours. 
during which the station was in commission in the year 
of account.*' 

The defimtion of average load factor referred to, is 
expressed as a percentage, and is 

__ Units for the year x 100 

Average monthly maximum’! Jnumber of hours station 


demand 


was m commission 


Q-Pplyiiig the formulse, the generating costs are 
divided into ** fixed ” and ** running" costs, the fixed 
costs being those which are deemed to depend on the 

* See Statutory Rules and Orders, 1929, No, 1015. 
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demand on the station and are fixed only inasmuch 
as they do not increase in proportion to the units 
generated. 

Actually the " fixed costs are probably more 
dependent on the size of the power station and the 
capacity of the plant which is in use than on the demand. 


Substations, 

In order that repairs, maintenance, and other work 
carried out on substations may be allocated to either 
high-voltage or low-voltage distribution, each sub¬ 
station is placed in one of the five standard categories 
shown in Table 2. 



Pig. 2._^Allocation of cost of production at selected generating stations (Statutory Rules and Orders, 1929, No. 1016). 


but they can with very fair accuracy be allocated in 
proportion to the demands made on the power station 
by each of the three groups of consumers. 

The ** running costs are dependent on the units 
generated and are therefore allocated in proportion to the 
units sent out for sale to each of the three groups of 
consumers. 

In cases where electricity is purchased in bulk the 
form of the tariff under which it is purchased must be 
taken into consideration, and the charges divided into 
fixed costs '' and “ running costs before the allocation 
can be correctly performed. 

A bulk supply taken on a demand-and-unit tariff is 
an obvious instance where this principle can be easily 
applied. The authors suggest that even where the tariff 
consists of a flat unit rate it is equally important that a 
suitable division should be made as any flat unit rate 
should from time to time be revised, taking load factor 
into consideration, and therefore the^ development 
of high-load-factor business—even at prices below the 
unit rate paid for the time being—may be justified. 


The definitions of high voltage and low voltage as 
applied to substations are not so much concerned with 


Table 2. 


n^----- 1 --- 

Allocation of costs 

Category 

To high 
voltage 

To low 
voltage 

High voltage .. .. .. 

per cent 
100 

per cent 

nil 

High voltage and low voltage A 

75 

25 

High voltage and low voltage ** B 

60 

60 

High voltage and low voltage '■ C '* 

25 

75 

Low voltage • • • • 

nil 

100 


the magnitude of the voltages as with the work that 
the substation performs. 

The allocation of capital expenditure on substations 
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can only be done with fairness and accuracy by a close 
examination of . the purposes for which each substation 
is used. 

The expenditure can usually be allocated under one or 
more of the following headings:— 

(а) Expenditure involved in high-voltage transmission, 

(б) Expenditure involved in giving supplies to low- 

voltage netv^orks. 

(c) Expenditure involved in giving supply to an 
individual consumer. 

The sample form given in Table 3 shows how sub¬ 
station allocations are recorded. For ease of reference 
they are compiled in alphabetical order. 


supplying substations in the densely populated areas 
adjacent to the power stations, and (6) that relating to 
mains supplying substations outside these areas. 

The capital expenditure on high-voltage mains in each 
of these two portions in turn was then allocated between 
the groups in proportion to their demands, the demand 
having been subdivided in a similar manner. 

This analysis may seem somewhat involved, but the 
following example of such an analysis will enable the 
argument to be followed. 

(1) Expenditure on High-Voltage Mains, 

(a) Within the densely populated areas .. £200 000 

(&) Outside these areas .. .. .. £800 000 

Total.£1 000 000 


Table 3. 


Name of substation 

Amount 


Allocation 


To high-voltage 
transmission 

To low-voltage 
distribution 

To individual 
consumer 


& s. d. 

£ s. d. 

£ s. d. 

£ s. d. 

Banston 

4 837 7 6 

2 500 0 0 

1 337 7 6 

1 000 0 0 

Barker and Co. .. ,. .. .. .. 

576 5 0 

_ 

-, ■ - 

576 5 0 

Bursey Village .. ,. .. .. 

Cathill Colliery .. . .. 

138 8 0 

3 200 11 0 

1400 0 0 

138 8 0 

1 800 11 0 


High-Voliage Transmission and Distribution, 

Several items are allocated on what is referred to as a 
“ High-voltage distribution basis,’’ a detailed explanation 
of which is as follows. 

The high-voltage distribution costs considered as a 
whole form a fairly large item, and require special 
consideration in order that they may be allocated with 
reasonable accuracy between classes of consumers. In 
some areas high-voltage networks have been extended 
into country districts to supply collieries, ironstone 
mines,; quarries, and other power consumers requiring 
supplies of sufficient magnitude to justify high-voltage 
lines of considerable length.: These lines are often used 
to give supplies to villages and farms en route, supplies 
which are of small size and which would not have been 
given unless the supply had already been available in 
the district. 

In other areas which are thickly populated, the high- 
voltage lines are short and feed a number of step-down 
substations grouped closely round the power station. 

It was decided that high-voltage distribution costs 
could not be fairly allocated between the groups of con¬ 
sumers merely by dividing them in proportion to their 
respective demands, and a method was devised which 
would take some account of the conditions which have 
just been referred to. 

The basis of allocation is founded on the assumption 
+^at high-voltage distribution costs are roughly in 

'pqrticm to the capiM^ of the mains. (This 
option is only claimed to be fairly accurate for the 
for which it is used.) 

‘.pital expenditure on high-voltage Tnains was 
tv^o^ porticms, that relating to 


(2) Demands on High-Voltage System. 

{a) Demand of Group B within the densely 

populated areas . 30 000 kW 

Demand of Group C within the densely 
populated areas .. 20 000 kW 

ip) Demand of Group B outside these areas 70 000 kW 
Demand of Group C outside these areas 1 000 kW 

(3) {a) Allocation of Expenditure within the densely 

populated areas. 

To Group B allocate of £200 000 = £120 000 

50 000 

To Group C allocate of £200 000 = £80 000 

50 000 

(6) Allocation of Expenditure outside these areas. 

70 OOO 

To Group B allocate of £800 000 = £788 720 

To Group C allocate . of £800 000 = £ 11 280 

Amount allocated to Group B == £120 000 

-h £788 720 ^ £908 720 
Amount allocated to Group C = £80 000 

-+• £11 280 == £91 280 

If the allocation had been made on the basis of the 
total demands, without reference to area, the result 
would have been :•— 

To Group B of £1 000 000 == £826 400 

To Group C of £1 000 000 = £173 600 
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In arriving at the demands used for this allocation, a 
special allowance is made for diversity. 

As the distribution mains under consideration stretch 
from the power station to the distribution substations, 
the maximum demands at the substations will not occur 
simultaneously and will result in a maximum demand at 
the power station which will be less than the sum of the 
maximum demands at the substations. 

It is obvious that this diversity arises between the 
substation and the power station, and is due to the 
junction of loads into common mains. Therefore, con¬ 
sidering the mains throughout their whole length, the 
average diversity factor throughout a main will be less 
f-ha.-n the full factor between substations and power 
station. 

For the purpose of the above allocation, therefore, the 
effective demands are obtained by dividing the sum of 
the substation demands by a ** half diversity factor 
(for instance 1 • 2 instead of 1 • 4). 

This allocation, which has been made of the capital 
expenditure involved in high-voltage distribution, pro¬ 
vides allocation percentages which are used for various 
items of high-voltage transmission and distribution cost 
and capital, the costs for this purpose being, as previ¬ 
ously stated, assumed to be proportional to the capital. 

Low-'Voltage Distyibution, 

The costs and capital expenditure involved in low- 
voltage distribution naturally only concern the con¬ 
sumers supplied from the low-voltage networks, and are 


therefore allocated in their entirety to this group of 
consumers. The sub-allocation of these items to different 
types of small consumers is considered in the description 
of the analysis. 

Overhead Costs. 

The items under Overhead Costs '' in nearly all cases 
have individual methods of allocation which have been 
arrived at by special investigation in collaboration with 
the heads of the departments concerned, or other persons 
having special knowledge of the circumstances. In 
most cases the percentage allocation so arrived at can 
be used without revision for several years and the work 
involved by such special investigation is consequently 
not excessive. 

National Health and Unemployment Insurance are 
not included here, but are allocated with the wages 
to which they refer. A similar principle is as far 
as possible adopted throughout with regard to Pen¬ 
sions Fund contributions and personal and other petty 
expenses. 

With regard to the items under Other costs and 

Miscellaneous charges,'* in every case the items are 
considered individually and allocated with the care that 
is merited by the magnitude of the amount concerned. 
In the case of a number of smaE items, these may on one 
occasion be allocated individually, then summarized as 
a group, and in following years they may be ^located 
as a group on the percentage previously determined. 


{Further Appendices will he found on pages 862-893.] 
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APPENDIX II (1). 

Method of Allocation of Costs to the Three Main Groups of Consumers. 


Item of cost 


Worhing Costs, 

(а) Generation 
Fuel 

Fuel-handling 
Ash-handling and disposal 
Steam or waste heat purchased 
Current purchased 
Water 

Oil and stores 

Salaries and wages (operation) 

Repairs and maintenance 

(б) High-voltage Transmission and Distribution, 

Salaries and Office wages 
High-voltage interconnection (operation costs) 
High-voltage interconnection (repairs and mainten¬ 
ance of substations) 

High-voltage interconnection (repairs and mainten 
ance of mains) 

High-voltage transmission and distribution (operat¬ 
ing costs) 

High-voltage transmission and distribution (repairs 
and maintenance of substations) 

High-voltage transmission and distribution (repairs 
and maintenance of mains) 

{c) Low-voltage Distribution, 

Salaries and office wages 

Operation of substations 

Repairs and maintenance of substations 

Repairs and maintenance of mainc 

Repairs and maintenance of house services 

Repairs and maintenance of meters 

Overhead Costs, 

{a) Management and Departments^ common to General 
Business, 

Management: Proportion corresponding to time 
devoted to consumers 
Proportion devoted to other matters 
Secretary’s department 
Accountant’s department 

Cashier’s department 
Statistical department 
Testing department 
Transport department 

Consumers’ departments:—— 

(1) Lighting and domestic 

(2) Colliery supplies 

(3) General power supplies 

Showrooms and Branch Offices 
(b) Other Costs, 

■■■ Rents . 

' . .Rates. 

■■...t- Taxes 

Insurances (other than Rational Health, etc.) 
Payments for wayleaves 


How allocation between groups is 


of the fixed proportion of cost 


of the running proportion of cost 


In proportion to the demands 
of the three groups on the 
power stations 


In proportion to the units sent 
out of the power stations in 
respect of each group 


Onligh-voltage distribution basis (see Appendix I) 

. In proportion to the demands of the three groups on the power 

This item is subdivided and allocated between Groups B and C in a 
special manner (see special allocation) 

On high-voltage distribution basis 

On high-voltage distribution basis 


Allocated entirely to Group C 


Arbitrary basis on estimated time spent in connection with con- 
sumers of each group 

In proportion to the capital expenditure allocated to the three 
|J groups 

Tim xtem is subdivided and subjected to special allocation; the 

basis IS explained in special allocation 

I ^me remarks as for Accountant's department apply to these items 
This item is subjected to special allocation 

Ti^port^ctoges are kept in detail and are added to the other 
Items with which they axe associated and allocated with tR.rn 

Allocated entirely to Group C 
Allocated entirely to Group B 

A special aUocation is made of the Salaries and wages of the staff 
between the three groups 

Allocated entirely to Group C 

^ocation depends on purpose for which each rental is paid 

In proportion to the capital expenditure allocated to the three 
groups 

In proportion to capital expenditure (as above) 

On high-voltage distribution basis 
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APPENDIX II (1). 

Method of Allocation of Costs to the Three Main Groups of Consvme^— continued. 


Item of cost 


How allocation between groups is made 


(b) Other Costs — continued. 

Telephones (maintenance and operation of private 
system) 

Electricity Commissioners' charges 
Standardization-of-frequency levy 

(c) Miscellaneous Charges. 

Directors’ fees 
Stock trustees 
Auditors 

Legal advisers 
Bank 

{d) Other Miscellaneous Expenses, 

Stationery and printing 
Stamps and telegrams 
Advertising 

Subscriptions and gratuities 
Recreation club, welfare, etc. 


Subdivided between generation, distribution, and of&ce, and subject 
to special allocation 

In proportion to units sent out of power station in respect of groups 
(excluding supplies to authorized distributors) 

In proportion to revenue received from the three groups (excluding 
supplies to authorized distributors) 

^ In proportion to capital expenditure allocated to the three groups 

In proportion to revenue received from the three groups 
Allocated on an arbitrary basis according to experience 
In proportion to capital expenditure allocated to the three groups 

1 Allocated on number of consumers in each group, adjusted by 

J factors for different types of consumers 
Allocated on an arbitrary basis 

1 Allocated in proportion to the revenue ^received from"" the three 

J groups 


APPENDIX II (2). 

Method of Allocation of Capital Expenditure. 


Item of capital expenditure 


How allocation between groups is made 


Generating stations 
High-voltage interconnecting mains 
High-voltage interconnecting substations 
High-voltage transmission and distribution mains 
High-voltage transmission and substations 


Low-voltage distribution mains 
Low-voltage distribution substations 
House services 

Meters (other than in power stations or substations) 
Office buildings and equipment 


Motor vehicles 

Test house and equipment 

Acts and Orders 


1 In proportion to the demands of the three groups on the power 
J stations • 

On high-voltage distribution basis 

Each substation is considered separately; the proportion concerned 
with general high-voltage distribution is allocated betw;een 
groups in the same proportion as high-voltage mains 

»Allocated entirely to Group C 

A special allocation is performed between departments, taking into 
consideration the space occupied, furnishing, and equipment; 
allocation is then made as for costs of departments 

In proportion to transport costs 

Special allocation 

Allocated on arbitrary basis to the three groups 


APPENDIX II (3). 

Special Allocations. 

Explanation of Special A llocations Referred to in Appendix I, 

High’-voltage Transmission and Distribution, 

Operation costs. —^This item is divided into two parts 
and allocated as follows:— 

(1) Operation of substations, cost of material; allocated 

on high-voltage distribution basis. 

(2) Operation of substations, wages; allocation is best 

expressed in diagrammatic form as follows 


Operation of Substations, Wages , 

Divided in ratio of number of substations operated. 


Number of consumers* 
substations. 

To Group B only and 
divided for analysis. 


J per point 
of supply. 


J per kW. 


Number of company*s sub¬ 
stations. 

Allocated between Group B 
and Group C on high- 
voltage distribution basis. 

Group B por- Group C por¬ 
tion analysed tion analysed 
per kW. per kW. 
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Accountants Department, 

The salaries and wages are divided between:_ 

(1) Current supply. 

(2) Purchases. 

(3) Sundry works, stores, etc. 

Each of the above is considered separately and allo¬ 
cated to the three groups. 

Cashiefs Department, 

The salaries and wages are divided as follows according 
to work done:— ° 

(1) Large consumers. 

(2) Small consumers. 

(3) Prepayment consumers. 

(4) Other work. 

Each of the above is considered separately and allo¬ 
cated to the three groups. 

Statistical Department, 

The salaries and wages are divided as follows according 
to work done:— 

(1) Large consumers. 

(2) Small consumers. 

(3) Other work. 


Each of the above is considered separately and allo¬ 
cated to the three groups. 

Testing Department, 

The total cost of salaries, wages, and materials, is 
subdivided between:— 

(1) Meters for small consumers. 

(2) Meters for large consumers. 

(3) General testing (a) Power stations. 

(b) High-voltage distribution. 

Costs under (3) (a) are transferred to generation (repairs 
and maintenance), and those under (3) (b) to high-voltage 
transmission and distribution (repairs and maintenance). 
Costs under (1) and (2) are allocated to the three groups 
in relation to the consumers concerned. 

Transport Department, 

The costs are kept at the principal garage and are there 
allocated to departments as they are incurred. When 
preparing an analysis the amount allocated to any 
department is arbitrarily divided between any sub¬ 
divisions of that department in accordance with the use 
of motor-cars or other transport required by the nature 
of their duties. 


APPENDIX III (1). 

Methoi> of Analysis of Costs Allocated to Group A. 

Item, or proportion of item, allocated to Group A 


Working Costs, 

{a) Generation, 

Fuel 

Fuel-handling 
Ash-handling and disposal 
Steam or waste-heat purchased 
Current purchased 
Water 

Oil and stores 

Salaries and wages (operation) 

Repairs and maintenance 

(6) High-voltage Transmissio^t and Distribution. 
High-voltage interconnection (operating costs) 
High-voltage interconnection (repairs and mainte- 
nance of substation) 

High-voltage interconnection (repairs and mainte¬ 
nance of mains) 

Overhead Costs. 

{(C) Management and Departments Common to General 
Business. 

Management: Proportion corresponding to time 
• devoted to consumers 
Proportion devoted to other matters 
Secretary’s department 
Accountant’s department 
Cashier's department 
Statistical department 
Testing department 

Consumers’ departments (3) General power supplies 


How this item is expressed in the analysis formula 


Pence per unit sent out of the power station 
£ per kW of demand on the power station 

" £ per kW of demand on the power station 

£ per point of supply 

£ per kW of demand on the power station 

Part £ per point of supply; part f per kW of demand on the power 
■ station f 

£ per point of supply , 


Running 

proportion 

Fixed 

proportion 


^ Mi. 




p 
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APPENDIX III (ly-continued. 


Method of Analysis of Costs Allocated to Group A.-—continued. 


Item, or proportion of item, allocated to Group A 

How this item is expressed in the analysis formula 

(b) Other Costs, 


Rents 

Rates 

Taxes 

£ per kW of demand on the power station 

Insurances 

Telephones 

Part £ per point of supply; part £ per kW of demand on the power 

station 

Electricity Commissioners* charges 
Standardization-of-frequency levy 

Pence per unit sent out of the power station 

Treated as a special item of cost, calculated as a percentage of the 

revenue received from the consumers 

{c) Miscellaneous Charges. 


Directors* fees 


Stock trustees 

Auditors 

" £ per kW of demand on the power station 

Legal advisers 

Bank charges 

- 

{d) Other Miscellaneous Expenses. 


Stationery and printing 

Stamps and telegrams 

Advertising 

j* £ per point of supply 

Subscriptions and gratuities 

Recreation club, welfare, etc. 

j- £ per kW of demand on the power station 


APPENDIX III (2). 

Method of Analysis of Capital Expenditure Allocated to Group A. 


Item, or proportion of item, allocated to Group A 

1% 

How this item is expressed in the analysis formula 

Capital Expenditure. 

Generating stations 

High-voltage interconnecting nlains 

High-voltage substations 

Office buildings and equipment 

Motor vehicles 

Test house and equipment 

Acts and Orders 

j- £ per k\V of demand on the power station 
£ per point of supply 

j- £ per kW of demand on the power station 

APPENDI3^ in (3). 

Method of Analysis of Costs Allocated to GrOuf B. 

Item, or proportion of item, allocated to Group B 


Working Costs. : y 
{a) Generation. 

•' Fuel- 

Fuel-handling Running 

^h-handling and removal ^ proportion 

Steam or waste-heat purchased , 

Current purchased " 

T ■ ■ ■y-'Flxed" -' 

Qd ^d stores ^ v proportion 

Salaries and wages (operation) 

Repairs and maintenance - 

Pence per unit delivered to consumer*s substation 

£ per kW of demand on the power station 
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APPENDIX III (3) — continued. 

Method of Analysis of Costs Allocated to Group B— continued. 


Item^ or proportion of item, allocated to Group B 


How this item is expressed in the analysis formula 


(6) High-^voltage Transmission and Distribution. 

Salaries and office wages 
High-voltage interconnection (operation costs) 
High-voltage interconnection (repairs and main¬ 
tenance of substations) 

High-voltage interconnection (repairs and main¬ 
tenance of mains) 

High-voltage transmission and distribution (operat¬ 
ing costs) 

High-voltage transmission and distribution (repairs 
and maintenance of substations) 

High-voltage transmission and distribution (repairs 
and maintenance of mains) 

Overhead Costs. 

(a) Management and Departments common to General 
Business. 

Management: Proportion corresponding to time 
devoted to consumers 
Proportion devoted to other matters 
Secretary’s department 
Accountant’s department 
Cashier’s department 
Statistical department 
Testing department 
Consumers’departments:— 

(2) Colliery supplies 

(3) General power supplies 

{h) Other Costs. 

Rents 

Rates 

Taxes 

Insurances (other than National Health, etc.) 
Payments for wayleaves 

Telephones (maintenance and operation of private 
system) 

Electricity Commissioners’ charges 


“ £ per kW of demand on the power station 


^ Part £ per kW of demand on the power station; part £ per point 
of supply 


£ per kW of demand on the power station 


£ per point of supply 

- £ per kW of demand on the power station 

_ Part £ per point of supply; part £ per kW of demand on the power 
I station 


. r 

£ per point of supply to collieries 

£ per point of supply to Group B consumers other than collieries 


^ £ per kW of demand on the power station 


Standardization-of-frequency levy 

(c) Miscellaneous Charges. 

Directors’ fees 
Stock trustees 
Auditors 
Legal advisers 
Bank 

{d) Other Miscellaneous Expenses. 
Stationery and printing 
Stamps and telegrams 
Advertising 

Siibs^ptions and gratuities 
Recreation dub, welfare, etc. 


Pence per unit delivered to the consumer’s substation (excluding 
supplies to authorized undertakers) 

^ireated as a special item of cost, calculated as a percentage of the 
revenue received from the consumers (excluding supplies to 
authorized undertakers) 


£ per kW of demand on the power station 


£ per point of supply 


j- £ per kW of demand on the power station 
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APPENDIX III (4), 

Method of Analysis of Capital Expenditure Allocated to Group B. 


Item, or proportion of item, allocated to Group B 


How this item is expressed in the analysis formula 


Capital Expenditure, 

Generating stations 
High-voltage interconnecting mains 
High-voltage interconnecting substations 
High-voltage transmission and distribution mains 

High-voltage transmission and distribution substations 
Consumers* substations 

Office buildings and equipment 

Motor vehicles 

Test house and equipment 

Acts and Orders 


£ per kW of demand on the power station 

j- £ per kW of demand on the power station 

Part £ per kWof demand on the power station; part £ per point of 
supply 

£ per kW of demand on the power station 

These are omitted from the analysis formula, and are brought in 
as definite amounts allocable against certain consumers 
£ per point of supply 
£ per kW of demand on the power station 

Part £ per kW of demand on the power station; part £ per point 
of supply 

£ per kW of demand on the power station 


APPENDIX III (5). 

Method of Analysis of Costs Allocated to Group C. 


Item, or proportion of item, allocated to Group C 


How this item is expressed in the analysis formula 


Fixed 

proportion 


Working Costs. 

(a) Generation. 

Fuel ] 

Fuel-handling T?nTinincr 

Ash-handling and removal . ? 

^ ^X. proportion 

Steam or waste-heat purchased ^ ^ 

Current purchased 

. Fixed 

Oil and stores nronortion 

Salaries and wages (operation) ^ ^ 

Repairs and maintenance 
(&) High-voltage Transmission and Distribution. 

Salaries and office wages 
High-voltage interconnection (operation costs) 
High-voltage interconnection (repairs and mainten¬ 
ance of substations) 

, High-voltage interconnection (repairs and mainten¬ 
ance of mains) 

High-voltage transmission and distribution (opera¬ 
tion costs) 

High-voltage transmission and distribution (repairs 
and maintenance of substations) 

High-voltage transmission and distribution (repairs 
and maintenance of mains) 

{c) Low-voltage Distribution, 

Salaries and of&ce wages 

Operation of substations 

Repairs and maintenance of substations 

Repairs and maintenance of mains 


Repairs and maintenance of house services 
Repairs and maintenance of meters 

Overhead Costs. 

{a) Management and Departments common to General 
Business. 

Management:— 

Proportion corresponding to time devoted to 
consumers 

Proportion devoted to other matters 
Secretary's department 


Pence per unit sold 


£ per kVA of efiective demand ’* at time of heavy high-voltage 
load 


£ per kVA of " effective demand " at time of heavy high-voltage 
load 


i £ per kVA of " effective demand at time of heavy low-voltage 
load ^ 

Part £ per kVA of effective demand ” at time of heavy low- 
voltage load; part £ per consumer, with adjustment between 
t 3 rpes of low-voltage consumers 

j- £ per consumer (all network consumers) 


£ per consumer (all network consumers) 

I £ per kVA of " effective demand " at time of heavy high-voltage 
'r'load- \ 
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APPENDIX III {S)—conlinued. 

Method of Analysis of Costs Allocated to Group C— continued. 


Item, or proportbn of item, allocated to Group C 


How this item is expressed in the analysis formula 


Overhead Costs — continued. 


(a) Management and Departments common to General 
B usiness—con tin tied. 

Accountant’s department 


Cashier’s department 


Statistical department 
Testing department 

Consumers’ departments:— 

(1) Lighting and domestic 

(2) General power supplies 

Showrooms and branch offices 

{h) Other Costs, 

Rents 

Rates 

Taxes 

Insurances (other than National Health, etc.) 
Payments for wayleaves 

Telephones (naaintenance and operation of private 
system) 

Electricity Commissioners’ charges 
Standardization-of-frequency levy 

c) Miscellaneous Charges, 

Directors’ fees 
Stock trustees 
Auditors 
Legal advisers 
Bank 


Part £ per consumer (excluding prepayment consumers); part £ 
per kVA of effective demand ” at time of heavy high-voltage 
load 

Part £ per consumer (all quarterly network consumers); part £ per 
consumer (prepayment consumers only); part £ per kVA of 
**effective demand” at time of heavy high-voltage load 
Part £ per consumer (excluding prepayment consumers); part £ per 
kVA of ” effective demand” at time of heavy high-voltage load 
Part £ per consumer (all network consumers); part £ per kVA of 
effective demand ” at time of heavy low-voltage load 

£ per consumer (all lighting and domestic consumers) 

£ per consumer (power consumers supplied from low-voltage 
networks only) 

£ per consumer (all lighting and domestic, reduced amount for 
prepayment consumers) 

£ per kVA of ” effective demand ” at time of heavy high-voltage load 
£ per kVA of effective demand ” at time of heavy low-voltage load 

1 £ per kVA of ” effective demand ” at time of heavy high-voltage 
j load 

Part £ per kVA of ” effective demand ” at time of heavy low-voltage 
load; part £ per consumer 
Pence per unit sold 

Treated as a special item of cost, calculated as a percentage of the 
revenue received from consumers 


^ £ per kVA of ” effective demand ” at time of heavy low-voltage 
load 


(d) Other Miscellaneous Expenses, 
Stationery and printing 
Stamps and telegrams 
Advertising 

Subscriptions and gratuities 
Recreation club, welfare, etc. 


^ £ per consumer (reduced proportion to prepa 3 ?ment consumers) 

£ per kVA of effective demand ” at time of heavy low-voltage load 
£ per kVA of ” effective demand ” at time of heavy high-voltage 
load 


XU (6). 

Method of Analysis of Capital Expenditure Allocated to Group C. 


Item, or proportion of item, allocated to Group C 


Capital Expenditure, 

Generating stations 
High-voltage interconnecting m a i n g 

High-voltage interconnecting substations 
High-voltage transmission and distribution mains 
High-voltage transmission and distribution sub¬ 
stations 

Low-voltage distribution mains 


How this item is expressed in the analysis formula 


£ per kVA of " effective demand ” at time of heavy high-voltag 
load ® 


* Part £ per kYA of " effective demandat time of heavy lov 

voltage load; part £ per " standard domestic” consumer 

See note on foIlQwiag page. 
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APPENDIX III (6)— continued. 

Method of Analysis of Capital Expenditure Allocated to Group O—continuea. 


Item, or proportion of item, allocated to Group C How this item is expressed in the analysis formula 

Low-voltage distribution substations £perkVAof effective demand at time of heavy low-voltage load 

House services This item is not included as a factor of the formula, but an amount 

depending on the conditions of the supply is added 
Meters (other than those in power stations or sub- In a similar manner to house services 
stations) 

Office buildings and equipment £ per standard domestic consumer 

Motor vehicles 1 Part £ per standard domestic'' consumer; part £ per kVA of 

Test house and equipment . } effective demand at time of heavy low-voltage load 

Acts and Orders £ per kVA of'' effective demand '' at time of heavy low-voltage load 

It is a simple matter to allocate both the capital cost of mains and their maintenance to consumers on the basis of the 
demands made by the consumers. Investigation into the capital cost of mains, however, soon shows such a simple and 
direct method to be incorrect: this is due to the fact that the cost of a given length of cable does not vary directly with the 
load which It will carry; a cable to carry 200 kVA will cost much less than double the cost of a cable for 100 kVA This is further 
accentuated by the fact that the cost of opening-up the streets and of reinstatement is the same whatever the size of cable to 
be laid. In the same way the maintenance of a cable is as much due to the presence of the cable as to the load that it carries 
It haying been decided to analyse a large proportion of the low-voltage mains on a consumer basis, it was realized that 
unffiir^^^^ similar amounts to all network consumers, whether shop^, offices, large houses, or terrace flats, would be obviously 

^s,sis was arrived at; it has the merit that it requires for its use only the data that are usually available 
and strikes a compromise between simplicity and accuracy. It was found that for houses and flats the street frontage is roughly 
proportional to the lighting installation. The average house having a lighting installation of 470 watts was called the 
standard domestic consumer, small shops were averaged at 1J standard domestic consumers, and small power consumers 
at 2 standard domestic consumers. 


APPENDIX IV. 

Cost Analysis for Year Ending 31st December, 
1931. 

Technical Data for Allocation of Costs between Groups of 
Consumers and for Analysis of Allocated Costs, 

Units sent out of power stations .. ..170 300 000 

Units purchased . 31 200 000 

Total units. .. 201 600 000 

Demand met by undertaker’s own power 
stations ., .... .. .. 46 600 kW 

Demand met by current purchased 9 000 kW 

54 500 kW 

Average monthly load factor of power stations, 51*3 
per cent. 

Group A, Consumers supplied at power-station busbars. 
Number of consumers .. .. .. 4 

Demand on power station. 4 800 kW 

Units at power station .. .. .. 34 000 000 

Group B, Consumers supplied from high-voltage 
distribution system. 

Number of points of supply .. . . 70 

Demand on power station .. .. . . 34 500 kW 

High-voltage units delivered at substations 

of Group B consumers .. .. ,. 134 250 000 

Group C, Consumers supplied from low-voltage networks, 
Number of Consumers {allowance being made for consumers 


only connected a short time). 

Number of prepayment consumers .. 17 400 

Number of quarterly consumers (shops, 

offices, etc.) .. .. .. .. .. 2 000 

Number of houses .. .. .. .. 16 520 

Number of small-motor consumers .. 1 300 

Total .. .. .. 37 220 


VOL. 7i. 


Effective demand at consumers’ terminals 
at time of heavy high-voltage load .. 16 500 kVA 
Effective demand at time of heavy low- 

voltage load .. .ISlOOkVA 

Units sold to Group C consumers .. .. 20 101 000 

Special Consumer basis for analysis of low-voltage mains 
item.\ 

The average domestic consumer is taken as a standard. 
Number of domestic consumers ., .. 33 920 

Shops, offices, etc., 2 000 X IJ .. .. 3 000 

Small-motor consumers, 1 300 X 2 .. .. 2 600 

** Standard consumers ** ,., .. 39 620 

Number of consumers {excluding prepayment) ,. 19 820 

Number of consumers {excluding small motors) .. 35 920 


Percentages of Units Sent Out of Power Stations , 


Group 

Units into system for 
group 

Percentage of total 
units into system 


A 

kWh 

34 000 000 

per cent 

16-87 


B 

143 000 000 

70-98 


C 

24 500 000 

12-15 

Total .. 

201 500 000 

100-00 

Percentages of Demands on Power Stations, 

Group 

Demand on power station 
due to group 

Percentage of total 
demand on power 
station 


A 

kW 

4 800 

per cent 

8-80 


B 

34 600 

63-33 


C 

15200 

27-87 

Total .. 

54500 

100-00 


t See footnote to Appendix HI. 

' ■ 57. 



ALLOCATION OF ANNUAL COSTS BETWEEN THE THREE GROUPS OF CONSUMERS. 


870 











































































SUPPLY, IN RELATION TO VARIOUS TYPES OF CONSUMERS. 


0100»f500<l<l0000 O OO OOOO'Ot^'OOO ooooo a to a Q 

»oo50««ooi>5005ioo (moo ocorjir^osooc^o o>ooSc<i QoSosooS 

CO Wi «D OJIXM Tm> l> CO l> 05 rn (M 00 l> 05 O 00 CO ^ M 

»H»-<C^<MpH CO rH CO—I.-H -t ^ 


0005000 01000 
-i*»0l000l0005»005»0 


0500015005 CDe50<MO 
©1rt<50T^05 —< 05 I-I (M l> 
05 50 50CCC0 Ol CO CO CO 


lOlOO 5^50000550 010 OOOOO 00<M0O 

iolcoo C05OlOl0C0C0^Ti< 5050'i^0i0 000000 '^’^ 


CO 05 >2 05 o O O O CO o 50 CO OOOOOOi-» 

00 *~t 00 00 CO CO «-< ei i>cocooc<i oooot^oo 

CO ■>«*( t> 05 CO CO t*-CO Ol (N rH CO OI i-H <M CO 


CO CO 50 CO CO 50 o O '^050C001 rHCOCO(MO 

rH —I 50 00 d 50 l> 00 d d —I r-H —I f-< 


5C5IH 50 CO •«ii< Tt( CO d ^ 


2SS2S22S2S12 oooo o»ooooooo ooooo ooooo 

2S 22 S 2 2 ® P —icooo5oo©oo oojSo*© oooo*o 

Oi-idCO»Odt^50—if«»l> 0505>«#d COCOOO—ICOi-lOO ©5Od00 0»OCO?-|-H 

—(,.- 1 —id—t—tdi-^co i-flco i-Hi-t dopcodd—nHco —t 


• -e? * 

I 

. ^ 

e S3 

illii 

a s I 

gS I 

o o «J I 

u ! 


lii -Si-I¬ 
ll i'^l^ 
ill : nil : 

' »H d 2 

O O bo bo ^ 

T2 d d >>'d 

g «e §*43 ^ 2 • 

I ll«l ■ 


a . . 

II • • ■ 

1(3-2 8 “ 

. . o.^ -■ 


'l|r ’■ 

o.d « 

ca —• 

' *'2 "2 * 

• • d u o 

Sl3| 

SdW 

: :i.2.s . : 

• g g J : 

a « s.a S go 

iflilil 


« ho ' 

• V w 

..ill 


^ f :S"||.|g 

ggt-g.)§:§tl|§ 


o o 

H H 


©5ooor^»oo50oooi>oc 
o ddooi>5o^t» d 
eo 1-4 fh d -1 -1 


CO © 05 o o 

© © © o o 

O) CO 05 50 o 


O 00 O o CO © 

o th >o 00 © © 

50 -4 © ■Th I> 50 


Od©©r»4© 
©© 50 (M —I © 
© d 1-4 50 


©©©©©©©©©©©©OO©© 
© ©© OO©©©©©©©©©©© 

©©©©©©©©©©©©oooo 

©©00©©500©050©»0dt-50 
-4 d CO <-4 O © I> 50 tH C-iH d f-4 d 


’ • ws 5 

O 

. Sg 


ed 

w o d 

I'al 

I :|1 

i |1 

till 

till 

Jsl§ ■ 


Total Capital Expenditure to Date .. . . .£2 676 000 — £106 066 — £1221392 — £1 347 662 
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Cost per consumer 
involved 

« M M 1 1 1 1 

1 

111111 n 

1 

1 

1111111 

1 

0*1822 

0*0296 

0*0484 

1 

Cost per kVA of effective demand 

At time of heavy 
low-voltage loads 

« 1 1 1 1 1 1 1 1 

1 

11111111 

1 

1 

1 M M M 

1 

0*6662 

0*6160 

0*0967 

0*2764 

£1*4643 

At time of heavy 
high-voltage loads 

1 1 1 1 1 1 1 1 

1 

0*2070 

0*0058 

0*0084 

0*3616 

0*0016 

0*0046 

0*2991 

0*2631 

£1*1309 

£1*1309 

CO 00 O O 00 fH 
CO eo CO i-H o »-< CM 
o O I-H xo CO CO 
© O O O O O O 

OOOOOO© 

£0*2154 

1 1 1 1 1 M 

1 

Cost per unit sold 

d. 

0*11680 

0*00327 

0*00472 

0*06416 

0*00065 

0*00193 

0*00505 

0*00977 

0*20634d. 

1 1 1 1 1 11 1 

1 

0*20634d. 

1 1 M 1 1 1 

1 

1 1 II 1 M 

1 

< 


ooi>c)t>uaco<-ii-i 
qj l>e‘lCOCO 

03 lO 

£17 272 

»-< Oi i-« 

eo iQ 

£18 668 

£36 930 

o N © .-4 io ua xo 

00 © xo 00 C<) OI 04 

00 .-4 00 io o 

s 

»o 

CO 

OOOOOO© 

© 04 xo o O O O 

04 CO 04 O 00 
O 03 .-4 XO —1 fH 

£36 420 

1 

< 

1 

H- 

1 

Working Costs, 

(a) Generation. 

Running Proportions. 

Fuel .. .. .. .. .. .. ,. .. ., . 

Fuel-handling .. .. .. ...... 

Ash-handling .. . .. . 

Current purchased .. .. 

Water .... .. .. . 

Oil and stores .... .. .. .. 

Salaries and wages. .. 

Repairs and maintenance .. . 

Total .. . 

Fixed Proportions, 

Fuel .. .. . .. 

Fuel-handling .. .... 

Ash-handliiw .. ,. . 

Current purdbased .. .. ,. . 

Water .. .. .. .. . .. . 

Oil and stores 

Salaries and wages .. ,. .. 

Repairs and maintenance .. .. .. .. .. 

Total .... .. .. . 

Total Generation Costs (Running and Fixed) .. 

(6) High-voltage Transmission and Distribution. 

Salaries and office wages .. .. ,. .... 

Interconnection (Operation) ., .. . . 

^Repairs and maintenance of substations) ., 

{ mains) .. .. .. .. ,. 

Transmission (Operation) .. .. .. .. .. 

(Repairs and maintenance of substations) .. .. .. 

( mains) .. . 

Total High-voltage Transmission and Distribution .. .. . 

(c) Low-voltage Distribution. 

Salaries and office wages .... ,. .. .. .. 

Operation of substations .. . . 

Repairs and maintenance of substations.. .. .. .. .. ..^ 

mains (consumer basis). 

mains (kVA basis) . 

house services 

meters .. .. .. 

Total Low-voltage Distribution .. .. .. .. 
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Summary of Group C Consumer Costs. 


Items 

Prepayment 

Small-motor 

Quarterly domestic 

Quarterly shons. 


consumers 

consumers 

consumers 

offices, etc. 

Low-voUage Distribution. 

£ 

£ 

£ 

£ 

Repairs and maintenance of mains 

0-1822 

0-3644* 

0-1822 

0-27331 

house services .. 

0-0296 

0-0296 

0-0296 

0-0296 

meters .. 

0-0484 

0-0484 

0-0484 

0-0484 

Distribution consumer costs 

£0-2602 

£0-4424 

£0-2602 

£0-3613 

Management, etc. 





Management 

0-0175 

0-0175 

0-0176 

0-0175 

Accountancy 

_ - 

0-0977 

0-0977 

0-0977 

Cashiers (Prepayment consumers) 

0-0690 

_ 



(Other consumers) 

— 

0-1247 

0-1247 

0-1247 

Statistical (exclude prepayment) .. .. 

• — 

0-1407 

0-1407 

0-1407 

Testing department 

0-0457 

0-0457 

0-0467 

0-0457 

Lighting department 

0-1928 

„ 

0-1928 

0*1928 

Power department 


0-3230 



Showroom .. .. .. 

0-0357 


0-0357 

0-0357 

Stationery and printing 

0-0037t 

0-0366 

0-0366 

0-0366 

Stamps and telegrams .. 

0-0018J 

0-0183 

0-0183 

0*0183 

Advertising ,. .. . 

0-0060{ 

0-0601 

0-0601 

0-0601 

Management, etc., consumer costs 

£0-3722 

£0-8643 

£0-7698 

£0*7698 

Total Consumer Costs :. 

£0-6324 

£1-3067 

£1*0300 

£1*1211 


• 0-1823 X 2 (see footnote to Appendix III). 

t A prepayment consumer is assumed to involve one-tenth the cost of 


t 0-1822 X 1-5 (see footnote to Appendix III), 
one quarterly consumer in respect of tiiese items. 


Formula Derived from Analysis Given on 
Pages 872-878. 

Group A Consumers^ 

Costs per annum. 

(1) Per kW of demand made on the power 

stations .. .. .. .. £1*679 

(2) Per point of supply.£66-00 

(3) Per unit sent out of the power 

stations .. .. ,. , 0- 170^d. 

Capital. 

(4) Per kW of demand made on the power 

stations .. .. .. .. £22-03 

(5) Per point of supply .. .. .. £73 • 0 

Group B Consumers. 

Costs per annum. 

(1) Per kW of demand made on the power 

stations .. .. .. .. £2-203 

(2) Per point of supply . . ., . . £83-8 

(3) Per unit delivered to the high-voltage 

busbars at the substation .. .. 0- 1817d. 


Capital, 

(4) Per kW of demand made on the power 

stations .. .. .. £33-14 

(6) Per point of supply .. .. .. £113-3 

(6) Special capital (to be allocated ac¬ 
cording to circumstances). Aver¬ 
age per point of supply ... .. £1.000 

Group C Consumers. 

Costs per annum. 

(1) Per kVA of effective demand oc¬ 

curring during the period of heavy 
load on the high-voltage system 
and power stations .. .. . . £1-82 

(2) Per kVA of effective demand/' oc¬ 

curring during the period of heavy 

load on low-voltage networks .. £2-314 

(3) Per unit sold .. , , . * . . 0-208d. 

(4) Per consumer:— 

{ct) Domestic (quarterly accounts) .. £1 • 03 

(b) Shops, of5ces, etc. . . . . . . £1-12 

(c) Domestic (prepayment) .. . . £0-63 

(^?) Industrial power consumers . . £1-31 
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Capital. 

(5) Per kVA of " effective demand oc¬ 

curring during period of heavy load 
on the high-voltage system and 
power stations .£28 • 84 

(6) Per kVA of " effective demand oc¬ 

curring during the period of heavy 
load on the low-voltage networks:— 

(a) For use when considering existing 

supplies .. ..£19-73 

(b) For use when considering supplies 

involving low-voltage network ex¬ 
tensions . £9-78 

(c) For use when considering supplies 

involving expenditure on a com¬ 
plete network, including a new sub¬ 
station .. .. .. .. £1-49 

(7) Per consumer, as follows:— 


Type of consumer 

Factor (£ per consumer) to be used for 

Supplies from 
existing mains 

Supplies involving 
expenditure on 
mains 



£ 

{a) Standard domestic .. 


0-76 

(6) Shop, office, etc. 


1-14 

(c) Small works .. 


1-62 


APPENDIX V. 

Data for Consumers Supplied from Low-voltage 
Networks. 

The figures tabulated consist chiefly of statistics as to 
the annual consumption and demands of various types 
of consumers. The consumption figures have been 
accumulated over a period of years; the demands have in 
most cases been obtained by load curves such as those 
given in the paper and discussed in Appendix VI, and 
the figures given as effective demand on the high-voltage 


Table 4. 


Residential Consumers Taking a Supply for Lighting only, 
with a Proportion using Irons through the same Meter, 


Size of 
house, 
based on 
assessable 
rooms’^ 

Size of 
lighting 
installation 

Annual 

consumption 

Effective demand 

On high-voltage 
system 

On low-voltage 
network 

rooms 

watts 

kWh 

kVA 

kVA 

3 

150 

80 

0-025 

0-060 

4 

250 

100 

0-030 

0-060 

6 

400 

130 

0-037 

0-074 

6 

660 

170 

0-047 

0-094 

7 

700 

220 

0-058 

0-116 

8 

900 

280 

0-071 

0-142 

9 

1050 

360 

0-088 

0-176 

10 

1200 

420 

0-.104 

0-208 

11 

1400 

490 

0-111 

0-222 

12 

1600 

660 

0-140 

0*280 

13 

1800 

630 

0-167 

0-314 

14 

2 000 

700 

0-175 

0*350 

15 

2 200 

775 

0-195 

0-390 


* In counting the assessable rooms, the following are omitted: scullery, bath¬ 
room, lavatory, unfurnished attics, and landings. 


Table 5. 


Domestic Consumers Supplied through Prepayment Meters 
and Taking a Supply for Lighting only. 


Number of lights 
in installation 

Annual 

consumption 

Effective demand 

On high-voltage 
system 

On low-voltage 
network 


kWh 

kVA 

kVA 

1 

62 

0-018 

0-036 

2 

70 

0-020 

0-041 

3 

78 

0-023 

0-046 

4 

86 

0-025 

0-050 

5 

92 

0-027 

0-054 

6 

100 

0-029 

0-068 

7 

108 

0-032 

0-063 

8 and over 

116 

0-034 

0-067 


Table» 6. 


Domestic Consumers Taking a Supply for Heating, Cooking, and Small Appliances, as well as Lighting. 



Total connected 
load 

Annual 

consumption 

■ Effective demand 

Brief description of conditions 

bn high-voltage 
system 

On low-voltage 
network 

Small house in Council Housing Scheme with full electrical 

kW 

■ kWh 

kVA 

kVA 

equipment but one multi-purpose coal fire .. .. 

16^6 


0-18 

0-35 

Medium size, with small appliances . . , .. 

Medium size, with electric heating and cooking installed 

2-1 

750 

0*20 

0-37 

but not used exclusively .. . . .. • • • • 

13-2 

2 200 

0-40 

0-65 

Smairhouse with full electrical equipment and liberal use 

20-7 

9 500 

1-80 

2-60 
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system and low-voltage system respectively relate to 
load conditions on the system of the Newcastle-upon- 
Tyne Electric Supply Co. and its subsidiary companies. 

Table 7. 


Miscellaneous Lighting Consumers. 



Annual 

consiunp- 

Effective demand 

Premises supplied 

tion per 
kWof 
lighting 
connected 

On high- 
voltage 
system 

On low- 
voltage 
network 

Offices . 

kWh 

320 

kVA 

0*800 

kVA 

0*800 

Banks . 

450 

0*800 

0*800 

Workrooms .. 

600 

0*720 

0*720 

Small works 

360 

0-600 

0*500 

Garages: Public .. 

1 160 

0-760 

0-760 

Private 

140 

0*100 

0*100 

Schools up to 5 kW 

200 

0*500 

0*500 

Cafes and restaurants 

700 

0*720 

0*720 

Public houses 

800 

0*100 

0*600 

Social clubs 

1500 

0*300 

0*500 

Churches .. .. 

215 

— 

0*200 


Table 8. 

Small Power Consumers Supplied from Low-voltage 
Networks. 



Consump¬ 
tion per 
kWof 
power 
connected 

Effective demand 

Premises supplied 

On high- 
voltage 
system 

On low- 
voltage 
network 

Bakers (small) 

kWh 

545 

kVA 

0*160 

kVA 

0-166 

Boot repairers 

400 

0-410 

0*410 

Builders' yard (excluding 
mortar mill) 

200 

0*130 

0-116 

Builders' yard (mortar mill 
only) .. 

800 

0*400 

0*400 

Butchers up to 1 h.p. con¬ 
nected .. ,. 

200 

0*080 

0*070 

Butchers over 1 h.p. 

570 

0*200 

0*200 

Cabinet makers .. 

385 

0-200 

0*190 

Confectionery works 

800 

0-600 

0*400 

Engineers (manufacturing).. 

350 

0-230 

0-250* 

Grocer's shop (small machines, 
etc.) .. .. .. 

200 

0-160 

0*100 

Hoists (friction) .. .. 

80 

0-060 

0*050 

Hoists (goods) .. 

180 

0-100 

0*100 

Hoists (passenger) .. 

270 

0-200 

0*200 

Laundries ... .. ,. 

1000 

0-660 

0*550 

Millers 

490 

0-200 

0*200 

Motor garages ,. .. 

300 

0-160 

0*150 

Printers .. .. 

490 

0-270 

0*260 

Saw mills .. 

495 

0-220 

0*200 

Welders .. .. 

290 

0-170 

0*160 


In those cases where the consumption is tabulated 
side by side with size of installation, special care has been 
taken not to compare recent consumptions with figures 
of connections which may have become out of date. 

It is not suggested that all the figures are of equal 
accuracy, as the facilities for investigation differ, and 
naturally the time which can be devoted to the study of 
a particular class of consumer depends on the relative 
importance of that class from the point of view of 
electricity supply. 

Houses and shops form a large and important section 
of consumers and it was soon realized that accurate 
information with regard to these consumers was essential 
for development on the right lines. Special attention has 

Table 9. 


Shops Graded according to Size of Lighting 
Installations. 


Size of installation 

Estimated annual 
consumption 

Effective demand for 
both high-voltage system 
and low-voltage network 

watts 

kWh 

kVA 

100 

80 

0*080 

200 

160 

0*160 

300 

215 

0*240 

400 

270 

0-320 

500 

315 

0*400 

600 

360 

0*480 

700 

400 

0*560 

800 

440 

0*640 

900 

475 

0*720 

1 000 

510 

0*800 

1200 

580 

" 0*950 

1 400 

650 

1*100 

1 600 

710 

1*240 

1 800 

770 

1*370 

2 000 and 

410 per kW 

0*750 per kW 

over 

installed 

installed 


therefore been devoted to them, but more work remains 
to be done with regard to houses making an extended 
use of electricity. 

An examination of the data for houses and shops will 
show that the lighting consumptions and demands are 
not directly proportional to the connections, although in 
houses of all sizes the effective demand on the low- 
voltage system appears to be just double that on the 
high-voltage system. 

In the case of the miscellaneous lighting and power 
consumers it is not possible to obtain such accurate 
information, owing to the more limited numbers and 
greater variations in consumption. 

These figures are intended for use in estimating the 
value of new consumers and have therefore been compiled 
from data including only those consumers connected in 
recent years. 
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APPENDIX VI. 

The load curves reproduced in the paper have 
been compiled from an analysis of charts obtained by 



Fig. 3.—^Domestic Supplies. Small prepayment-meter con¬ 
sumers. Average weekday (January) load per house. 
Annual consumption 84 kWh. Connections 170 watts 
(Hghting). 

means of recording ammeters placed in series with the 
kilowatt-hour meters on the consumers' premises. In the 
case of the curves relating to lighting alone the evening 


end loads have also been investigated in order to visualize 
the conditions that may occur on networks supplying 
only these consumers. Several examples of week-end 
loads are given among the curves. 

The curves for domestic consumers are to some extent 
progressive. 

Fig. 3 shows the load on a pipe-mains installation 
supplying lighting to typical houses in a coal-mining 
town. 

Figs. 4, 5, and 6, show the load due to small subsidy 
houses with full electric equipment and one multi¬ 
purpose coal fire. The three curves here given are 
average weekday, Sunday, and Christmas Day, and 
afford an example of the influence of custom and habit 
on load. 

Figs. 7 and 8 give the weekday and Sunday loads for 
typical consumers in good residential districts, who have 
a good standard of lighting and make use of electric 
labour-saving appliances, but have not yet ' ‘ gone in 
for " heating or cooking. 



Fig. 4.—Domestic Supplies (lighting, heating, cooking). Council Housing Scheme ** 
open coal-fire incoiporating water boiler and small oven. Curve represents the 
house in winter and is equivalent to 3 • 15 kWh, Annual consumption 900 kWh 


all-electric " type with one 
average weekday loadj per 


Connected load:— 

Lighting .. 
Cooking .. 
Heating .. 
Wash boiler 
Kettle .. 

Iron 

Water heater 


kW 

0-82 

5-75 

2-00 

3-00 

1-01 

0'50 

3-00 


15-58 



Fig. 6.—Domestic Supplies (lighting, heating, cooking). Council Housing Scheme, all-electric " type. 
Average Sunday load per house in winter. Curve represents 3*18 kWh. 


peak is naturally the prominent feature, but it is inter¬ 
esting to note that with the addition of a comparatively 
small amount of heating and cooking the mornhig load 
in houses exceeds that in the evening. To obtain the 
average weekday load is the usual object of drawing 
the curves, but in the ca,se of domestic consumers week- 


Figs. 9 and 10 show the weekday and Sunday loads 
obtained on a partly-developed suburban estate having 
no public supply other than electricity for heating and 
cooking. 

Fig. 11 is an average weekday curve for a small house 
making full use of electricity. 
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nil 


8 9 m II 12 I 


Fig. 6. — ^Domestic Supplies (lighting, heating, cooking). Council Housing Scheme, ** all-electric ” type. 
Load per house on Christmas Day. Curve represents 4*6 kWh. 


nil 


Fig. 7.—^Domestic Supplies. Consumers on two-part tariff with lighting and small apparatus 
only connected. Curve shows the average weekday.demand {Jan.-Feb.) for consumers having 
the following connections and consumption:— 


Fig. 8.—Domestic Supplies. Consumers on two-part tariff 
with lighting and small apparatus only connected. Curve 
shows the average Sunday demand (Jan.—Feb!) for con¬ 
sumers having the following connections and consump- 
tion;-— 


Lighting 

Small appliances: 
Annual consumption 
Average no. of rooms 


1-06 kW 
l*0kW{est.) 
7S0kWh 
9-25 
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Figs. 12 to 19 give lighting curves for clubs, shops, and 
cinematograph theatres; it is interesting to note that 
with each of these groups the increase in size and con¬ 
sumption is accompanied by a broadening-out of the 
load curve, indicating an improvement in load factor. 

The curve for a heating installation which is repro¬ 
duced in Fig. 20 is almost indistinguishable from that 
for a lighting load. This is due to the peculiar hours 


in the shape of the load curve; the following are of 
interest and can be seen in the curves reproduced. 

Butchers:—regular peak at 1 p.m. due to mincing 
the accumulation of the morning’s scraps. 

Boot repairers;—decided peak in the evening when 
all the day’s work is passed through the finishing 
machine. 
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Fig. 9.— ^Domestic Supplies (lighting, heating, cooking). Average weekday load in winter per 
house on feeder supplying a good-class estate. Average connection per house:— 


Lighting 

Heating 

Cooking 

Appliances 


Daily curve represents 2 • 65 kWh. 
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Fig, 10.— Domestic Supplies (lighting, heating, cooking). Average Sunday load per house on a 

good-dass'estate. \ X'' 


during which the building is used. Figs. 21 to 27 relate 
to power supplies; here the daily load curve is dependent 
on the hours of work and in general forms itself into two 
fairly solid blocks, morning and afternoon, with a slight 
sluggishness at the start and a falling-off towards 
'^ knocking o0 ’* time, with occasional extensions for 
.overtime, ^. 

Certain trades provide peculiarities which are reflected 


A study of load curves such as these makes it very 
evident how misleading load factor considered by itself 
may be as a criterion for judging whether a supply is of 
a favourable nature or not. Similar annual load factors 
may be obtained from very diverse d^y load curves, as 
the annual load factor is affected by the following 
conditions and is usually the result of a combination of 
severalofthem. 












WOODWARD AND CARNE: AN ANALYSIS OF THE COSTS OF ELECTRICITY 


(1) Variation in use over short periods due to peculiari¬ 
ties of the particular application. 

(2) Variation throughout the day from midnight to 
midnight due to the habits or occupation of the con¬ 
sumer. 

(3) Variation in daily use throughout the seven days 
of the week. 


(4) Variation throughout the year due to [a) variation 
in hours of daylight (e.g. lighting supplies), (&) variations 
in temperature (e.g. heating and refrigeration), (c) sea¬ 
sonal variations in trading conditions (e.g. fertilizer 
factories, road-stone quarries, etc.), {d) irregular varia¬ 
tions due to such causes as industrial depression and 
disputes. 




Fig. 14.—Lighting Shop. Average weekday load (Dec.) for 
a large departmental store in a large town. 
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Fig. 17.— ^Lighting and Power. Small cinematograph 
theatres. Curve shows the average weekday load (Oct.) 
for a small picture-house having a connection of 5 * 43 kW 
(excluding spare machines), and using 6 200 kWh per 
annum. Based on 2 consumers. 



Fig. 18.— Lighting and Power, Medium-size cinematograph 
theatres. Curve shows the average weekday load (Oct.) 
for a medium-size picture-house having a connection of 
27*4 kW (excluding spare machines), and using 
12 860 kWh per annum. Based on 6 cohsumers. 



Fig. 19.— ^Lighting and Power. Large cinematograph 
theatres. Curve shows the average weekday load (Oct.) 
for a large picture-house having a connection of 65 • 7 kW 
(excluding spare machines), and using 80 600 kWh per 
annum. Based on 2 consumers. 



Fig. 20.— Heating. Church-hall installation. Average week¬ 
day load. Connection 35 kW of tubular heaters. Con¬ 
sumption 10 180 kWh per annum. Daily curve represents 
96kWh. 
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Fig. 22. — ^Power. Small butchers. Curve shows the average 
weekday load for a consumer having a power connection 
of 1 kW, and using 206 kWh per annum. Based on 
7 consumers. 
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Fig. 24.— ^Power. Cabinet makers. Curve shows the average 
weekday load for a consumer having 23 kW of power 
connected, and using 8 880 kWh per annum. Based on 
6 consumers. 
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Fig. 25.— Power. Confectionery manufacturers. Curve shows 
the average weekday load for a consumer having 
10-64 kW of power connected, and using 8 880 kWh per 
annum. Based on 4 consumers. 



Fig. 26.— Power. Small manufacturing engineers. Curve 
shows the average weekday load for a consumer having 
a power connection of 18-7 kW, and using 6 590 kWh 
per annum. Based on 6 consumers. 



Pig. 27.—^PoWER. Large bakeries. Curve shows the average weekday load for a large bakery having 
21*7 kW of power connected, and using IS 931 kWh per annum. Curve represents 61 kVAh. 

Note:—T he curve is for electrically-driven machinery and does not include any electric ovens. Bread is baked at night and 

confectionery during the day. 
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WOODWARD AND CARNE: AN ANALYSIS OF THE COSTS OF ELECTRICITY 


APPENDIX VII. 

Method of Determining Average Weekday Load Curve of a Consumer from Recording-Ammeter Charts. 

Premises at Heaton Road, Newcastle-upon-Tyne. Ref. No. L.B. 9. 

Shop Lighting. 240 volts (d.c.). Factor = 0-1. Units for period = 46. 


-.i: ■■ 

.1 

Date, December 1928 


8.30 

a.m. 

9.0 

a.m. 

9.30 

a.m. 

10.0 

a.m. 

10.30 

a.m. 

11.0 

a.m. 

11.30 

a.m. 

12.0 

noon 

12.30 

p.m. 

1.0 

p.m. 

1.30 

p.m. 


Thursday, 6th . 


_ 

_ 

5-0 

6-0 

5-0 

7-0 

5-0 

7-0 

8*0 

7*0 

9-0 

i 

Friday, 7th . 

.. 

— 


1-0 

1-0 

2-0 

3-0 

3*0 

1-0 

3*0 

3-0 

2-0 

N- 

Saturday, 8 th . 



— 


2-0 

10-0 

8-0 

6-0 

6*0 

1*0 

5-0 

9-0 


Monday, 10th . 


— 

2-0 

1-0 

3-0 

6-0 

6-0 

1-0 

1-0 

5*0 

4-0 

4-0 

I- 1?^ 

Tuesday, 11th . 



10-0 

10-0 

10-0 

10-0 

10-0 

10-0 

5*0 

6*0 

9-0 

9-0 

'ii: j.'. 

Thursday, 13th. 



5-0 

6-0 

6-0 

5-0 

5-0 

5-0 

5*0 

5-0 

12-0 

11-0 


Friday, 14th . 


— 

3-0 

5-0 

8-0 

7-0 

6-0 

5-0 

4*0 

3-0 

5*0 

6-0 


Saturday, 16th. 


2-0 

1-0 

2-0 

6-0 

5-0 

6-0 

5-0 

6-0 

7-0 

9-0 

8-0 

ii; 

Sum of divisions, 8 days .. 


2-0 

23-0 

29-0 

40-0 

50-0 

48-0 

39-0 

34*0 

38-0 

54-0 

57-0 


Load for average day=4*68 kVA-hours 












i:'!''..;.:' ' 


kVA 

0-006 

0-069 

0-087 

0-120 

0-160 

0-144 

0*117 

0-102 

0*114 

0-162 

0*171 


SUMMARY OF AVERAGE WEEKDAY LOAD CURVES OF A NUMBER OF CONSUMERS USING 

SHOP LIGHTING. 

Half-hourly Load, in kVA. 



Ref, No. 

No. of 
days 

Annual 

consump¬ 

tion 

Con¬ 

nected 

load 

7.0 

a.m. 

7.80 

a.m. 

8.0 

a.m. 

8.30 

a.m. 

9.0 

a.m 

9.30 

a.m. 

10.0 

a.m. 

10.30 
a.m. 

ii.o 

a.m. 

11.30 

a.m. 

12.0 

noon 

12.30 

p.m. 

1.0 

p.m. 

1.30 

p.m. 

2.0 

p.m. 


.L.B.6 

8 

kWh 

1894 

kW 

2-36 


— 

' — 

0*144 

0*636 

0*714 

0*672 

0*640 

0-462 

0-444 

0-426 

0*402 

0*432 

0*378 

0-408 


7 

7 

317 

0-69 

— . 

— 

— ■ 

0-020 

— 

0*100 

0*100 

0-080 

0*050 

0*050 

— 

— ' 

0-030 

0*300 

0*210 


8 

7 

299 

1*10 

— 

— 

— ■ 

— . 

0*010 

0-062 

0*027 

0*024 

0*003 

— 

0-020 

0*007 

0-024 

0*014 

_ 


9 

8 

640 

1-68 

— 

— 


0-006 

0*069 

0*087 

0*120 

0*160 

0-144 

0-117 

0*102 

0*114 

0*162 

0*171 

0-180 


10 

6 

605 

1-52 

— 

0-016 

0*044 

0-080 

0*072 

0*048 

0*040 

0 032 

0*020 

0-016 

0*020 

0-012 

0-012 

0*016 

0-016 

;■ ■ . 

11 

■■ 

4 

299 

0*84 



— 

— 

— 

— 

— 

— 

— . 

_ 

_ 

.:_ 

■: 




12 

8 

246 

1-00 

— 

— 


— 

— 

— 

— 

— 

— 

_ 

. _ 


^ __ 


_ . 

; ; 

14 

7 

860 

1*16 

■ 


— 

0-010 

0*020 

0-060 

0*050 

0*040 


0-030 

0*030 

0*040 

0-040 




16 

7 

1124 

2*50 

— 

— 

, 


— . 

0*200 

0*412 

0*460 

0-500 

0-413 

0*400 

0*288 

0*188 

■_ 

0-276 


16 

5 

279 

0*56 

— 

— 


— , 

-W 

— 

— 

— 

— 

— , 

— 

— 

■ 

— 



17 

8 

307 

1*00 

—. 

■ 

— 

— 


— 

0*028 

0*028 

0*028 

0*028 

0*015 

0-016 

0-006 

• 

0-01 


18 

7 

137 

0*60 

— 

• — 

— ' 

— 

— • 

— 

— 

— 

' — 


■ ._ 

__ 

■,_ 

' 



19 

5 

■621 

1-56 ! 

-. 

. — 

; — 

— 

— 

— 

— 

__ 

_ 

■ 

__ 

■ 

._ 



ii 

20 

1 ^ ■ 

274 

0*58 i 


— 

— 

— 

— 

— 

— 

— 

: — 

.— ■ 

;_ 

— 

1 ■ —. 



m y ' 

21 

■ ^ ® 

710 

1*26 

.. — 

■ 

I —- ■ 

0*071 

0*125 

0*233 

0-271 

0*271 

0-259 

0*229 

0*250 

0*096 

0-088 

0*083 

0-075 

Ii >. 

22 

4 

624 

' 1*44 

— 

— 

0*288 

0*388 

0*388 

0*400 

0-238 

0*176 

0*175 

0*200 

0-125 

0*050 

0-050 



ll'-v. 

23 

6 

i 341 

0*60 

0-120 

0*120 

0*120 

0*096 

0*016 

— 

— 

' — 

_ 

_ 

_ 

__ 




iiii . 

24 

5 

1 304 

0*80 

— .• 

■ 

■•-- , : 


— 

0*005 

0-019 

_ ■ 

^ ■__. ■ 

■__ 


; . _ 




25 

6 

1 418 

1 0*54 

— 


■ : 



— 

. — • 

— , 

_. ■' 


_ 


i—. 



it ■■ 

. 2G 

5 

67 

0-70 


0-014 

0*052 

0*043 

0*006 

— ■ 

. — 

— 

■— 

— ' ■ 





— ' 


27 

6 

940 

1*74 

— : 

— • 



— 

— 

P%048 

P*,048 

0*053 

0*053 

0*053 

0?068 

0*072 

0*058 

0-063 

1* 

28 

5 

92 

0*56 




. . . 

0*014 

0-024 

0-034 

0*024 

0*024 

0*024 

0*024 

— 


' : 

— 

i-1 

22 consumers 

134 

11188 

24*78 

0*120 

0*150 

0*504 

0*858 

1*355 

1*933 

2*049 

1*862 

1*718 

1*604 

1*465 

1*082 

1*104 

0*820 

1*237 


Average perconsumer 

508 

1*126 

0*005 

0*007 

0*023 

0*039 

0*061 

0*088 

0*093 

0-085 

0*078 

0*073 

0*066 

0.049 

0*050 

0-037 

0*066 
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APPENDIX Mil.—Continued. 

Method of Determining Average Weekday Load Curve of a Consumer from Recording-Ammeter Charts. 

Premises at Heaton Road, Newcastle-on-Tyne. Ref. No. L.B. 9. 

Shop Lighting. 240 volts (d.c.). Factor = 0-1. Units for period = 46. 


333-0 334-0 264-0 173-0 


7.30 

8.0 

8.30 

9.0 

p.m. 

p.m. 

p.m. 

p.m. 

_ 

__ 

_ _ 

— 

40-0 

22*0 

, -- 

— . 

42-0 

40-6 

26*0 

4-0 

5-0 

•— 

' — 

— 

— 

— 

• — 


8*0 


— 

— 

35-0 

— 

— 


- 43*0 

36*0 

20-0 


173-0 

98-0 

46*0 

4-0 

0-519 

0-294 

0-136 

0-012 


SUMMARY OF AVERAGE WEEKDAY LOAD CURVES OF A NUMBER OF CONSUMERS USING 

SHOP LIGHTING.—CoMiwMed. 

Half-hourly Load, in kVA. 


11.0 11.30 

p.m. p.m. 


0-702 0-894 

0-450 0-590 


0-306 0-108 0-096 0-018 


0-041 0-041 — — — 


0-770 0-720 

0-780 0-650 


0-011 ,0-006 
0-390 0*180 


0*475 0-512 0-588 0-825 1 


0-117 0-192 


0-662 0-313 

0-270 0-020 

0-091 — 

0-036 — 

0-250 b-120 
0-110 — 
0*658 0-183 


0^876 0-876 

— 0-024 


0-136 0-062 0-024 

0-063 —: — 


— — — 0-014! 

0*034 0*024 0-043 0*144 

^ — 0*010 0*019 


0•780 0-380 0•SOQ 0 * 024 


1.623 2*148 3-953 6-934 10*979 16-365 17^878 18.441 18-331^ 1^^^ 16-773 12-474 8*666 e-jiCY 4*<«3 l*.4,o u-o.. v-.uv 

0-069 0-097 0-180 0-270 0-600 0-698 0-813 0-838 0-833 0-802 0 ^ 0-567 0-394 0-290 0-172 0-087 0-046 0-018 0-011 


0-136 

0-008 


0*312 

0-024 

. % 

1-029 

0*394 

0*250 

0*046 

0-018 

0*011 



I 
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APPENDIX VIII. 


FORM 1. 

New Consumers. 


Power 

Lighting 


Connections, kW 

500 \ 

20 J 


Proposed Terms:— 

Revenue (coal @ 22s. per ton). 

Fixed charge_ month. 

170 kW @ £3*5 per kW per annum 
400 000 Units @ 0^35d. per unit 
20 000 Units @ 0*30d. per unit .. 

Units @ d. per unit .. 

Units @ d. per unit .. 

420 000 Total units , , 

Discount 5 per cent on £i 555 • ^ 

Total net revenue 
Costs (c4al (^ 12s. per ton). 

kW @ £^.;8^5 per kW .. 

435 000 Units @ ^ • 1817d. per unit 
1 Point of supply @ £55*5 
Other costs, 

Total costs per annum 


DATA FOR PROPOSED SUPPLY AND STATEMENT OF PROFIT. 

Name of Consumer_ _ Engineering Development Co. 

Address where supply will be given. . Progress Works, Wearville. 

Particulars of supply. 

Supply to be given at._ volts A.C. (New Substation), 

Supply to be metered at_ volts^ 

Type of load 

General Engineering 

Estimated demand. 

Estimated load factor .. 

Estimated power factor 

Cost of Connection. 

(а) Cables .. 

(б) Substation apparatus 
(c) System alterations 

Total 


Units per annum 

420 000 

170 kW 
28 • 2 per cent 
0*80 

£200 

£600 

£75 

£875 


£180*0 
. £595*0 

: £583*4 
. £ 25*0 
. £ 

. £ 

. £1 383*4 


.. £1 314*2 ' 

.. £311*5 

> £329*5 

.. £ 83*8 


£724*8 

£589*4 


Total profit per annum .. .. .. .. * 

Capital and. Expenditure. 

141 * 4 kW @ £33 * 14 pei k'W 
1 Point of supply @ £113*3 .. 

, Special allocation (Jfy.F. Afai^w) 

New expenditure 

, : ; i Total capital involved .. 

Percentage return on total capital involved, S • ^ per cent. 

^Sioi^faaor a - 92S; diversity factor l-S; demand on 
4S5 000 units. ‘ O-ms, units detvoered 


.. U 685-9 
. . & 113-3 
..£ 500-0 
..£815-0 

..£6174-2 
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Estimated by_ 

Estimate for supply to. 


A,B.C, 

Durham Road, 

Weavville. 


FORM 2 (a). 

311 1213 1 . 


NEW EXPENDITURE. 


To afiord immediate supplies. ^ s. d. 

High-voltage mains 

Substation and equipment .. ., 

Low-voltage mains .. .. .. S50 0 0 

Services less consumers’ contributions 150 0 0 

Meters .. .. .. .. .. 40 0 0 

Total . . .. .. .. U40 Os, Od. 


To supply additional consumers from these 

mains. £ s. d. 

Services less consumers’ contributions 10 0 0 

Meters .. .. . 7 14 0 


Total .. .. .. .. £17 14s, Od. 


Tariif Rates for - Order. Primary Lighting rate 6d, per unit. 



Consumers 

• 

Connections, kW 

Estimated 
units per 
annum 

Estimated 


Number 

Type, 

Rooms 

IcW 

Lighting 

Heating 

Cooking 

Power 

net revenue 











£ 

s. 

d. 

Consumers 

• 1 

House 

@6 

0-55 

0-55 

4-0 

6-0 

. — 

2 200 

12 

1 

7 

requiring 

4 

Houses 

@ 6 

0-40 

1-60 

— 


.— 

520 

12 

7 

0 

immediate 

4 

do. 

mi 

0-25 

1-00 

— 


' .— 

iOO 

9 

10 

0 

supply 

14 

Slots (3 lights) 

0-12 

\ 1-68 

— 

—- 


1092 

27 

6 

0 


2 

Public houses 

0-50 

1-00 

— 

— . 

— 

806 

19 

2 

7 


1 

Shop 



0-10 

■— 

.— 

— 

80 

1 

18 

0 


1 

Sawmill 


— '■ 

— 

— , 

— 

4-0 

1980 

23 

10 

0 


1 

Street lighting 


0-60 


. 


960 

14 

0 

0 


28 


— 

'— . 

6-53 

4-0 

6-0 

4-0 

8 038 

£119 

15s. 

2d. 

Additional 

2 

Houses 

@5 

0-40 

0-80 




260 

6 

3 

7 

consumers 

5 

do, 

%i 

0-25 

1-25 




500 

11 

17 

6 

to be supplied 
from the same 













mains 

■ ■ ' ' -i 

■. 

■ i 















V." 



2-05 




760 

£18 

Is 

Id.. 


Estimated present profit £75 2s. 9d., giving per cent present retuna capital involved 

of £687-5. ■ ■ ■ ■ 

Estimated additional future profit £8 i5s. Od,, givingH-6 per cent future return on total capital 
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A.C. Supply to_ Durham Road, 

Wearville. 


FORM 2 (b). 
Datei/J/?!- 


High-voltage mains. 

Substation and equipment 

Low-voltage mains 

Services less consumers' contributions 

Meters 

Expenditure (including service and meters), total.. 


£ 

£ 

£350-00 
£150-00 
£ 40-00 

£540-00 


£ 

£ 

£ 

£ 10-00 
£ 7-70 

£17-70 


Connection, kW 


Heating Cooking 


1 House @ 6 Rooms 
4 Houses @ 5 Rooms 
4 do. @4 Rooms 
14 Slots (3 lights) 

2 Public houses 
1 Shop ... 

1 Sawmill .. ' 

1 Street lighting 

Present total 


2 Houses @ 5 Room 
5 do. @4 Rooms 

Future additional 


28 6-53 


Costs 

H.V. dem. 3-11 kVA 

L.V.dem. 3-51 kVA 

Units 8 038 p.a. 

Cons, (slot) 14 

,, (qtrly.) houses 9 
,, (power) 1 

Other costs, 4 Consumers 

Total present costs .. 


£1-82.. 

£2-314 

0-208d. 

£0-63.. 

£1-03.. 

£1-31.. 

£ 1 - 12 .. 


Additional Costs 


H.V. dem. 0 - 22 kVA 
L.V. dem. 0-45 kVA 
Units 760 p.a. 

Cons, (slot) 

„ (qtrly.) 7 

„ (power) 

Other costs .. 

Total add l. future costs 

Consumer capital. 

23 Domestic 
4 Miscellaneous.. 
1 Power .. ,. 


\£l-82 . 
\ £2-314 . 
^ 0-208d. 
)■£.: \ 
\£l-03 . 
\£ 


PRESENT. 
S-66 I HA 


High-voltage 

system 

Low-voltage 

system 

Units per 
annum 

kW 

0-400 

kW 

0-650 

kWh 

2 200 

0-148 

0-296 

520 

0-120 

0-240 

400 

0-322 

0-644 

1092 

1-000 

0-600 

806 

0-080 

0-080 

80 

0-440 

0-400 

1980 

0-600 

0-600 

960 

3-110 

3-510 

8 038 

0-074 

0-148 

26j0 

O-UO 

0-300 

500 

0-224 

0-448 

760 


£44-62 


Capital 

H.V. dem. 3-11 kVA @ £28-84 
'L.Y. dem. 3-51 kYA @£9-78 .. 

New exp. as above 

Special cap. [Consumers) .. .. 

Total present capita l .. .. 

Revenue .. .. £119-76 

Costs .. .. .. £ 44-62 

Profit ...... £ 75-14 


FUTURE. 

£ I 

0-40 Tot 


Capital 

Total present .. 

H.V. dem. 0-22 kVA @ £28-84 
L.V. dem. 0-45 kVA @ £9-78 
Addl. new exp. as above .. 
Special capital [Consumers) .. 
Total future capital ;. ... 

Addl. revenue . . . . 

Addl. costs .. . . .. 

Addl. profit . . 

Present profit .. 

Total future profit .. .. 


Revenue per 
annum 


£ s. d. 

12 1 7 
12 7 0 
9 10 0 
27 6 0 
19 2 7 
1 18 0 
23 10 0 
14 0 0 

119 15s. 2d. 


£6 3 7 
11 17 6 


£ 

89-7 

34-3 

540-0 

23-5 

£687-5 


\l0-9 % retn. 


£ 

.. .. 687-50 

.. .. 6-40 

.. . . 4-40 

17-70 

.. ..: 5-30 

.V .. £721-30 

£18-05 ~~~ 

£9-30 

£8-75 

£75-14 

£>83-89 11-6% T&tn. 
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The forms given in Appendix VHI relate to extensions 
involving expenditure for the purpose of connecting new 
consumers. Such expenditure may be on all or any of 
the following items: high-voltage mains, substations and 
substation equipment, low-voltage mains, house services, 
meters. The object of the forms is to set out the esti¬ 
mated profit and percentage return which will be 
obtained, not on the new expenditure only, but on the 
total capital involved. 

Form 1 refers to Group A or Group B consumers and 
is completed down to and including the Total net 
revenue from information supplied by the engineer 
negotiating the supply, the remainder of the form being 
used by the statistical department for applying the cost 


formulae and calculating the profit, and percentage 
return. 

Form 2 (a) is used for Group C consumers. As many 
hundreds of these are dealt with annually, the form is 
kept as simple as possible and another form. Form 2 (b), 
is used for the actual calculation of the costs, profit, 
capital involved, and percentage return. 

The profit and return shown against an estimate of 
expenditure are taken into consideration before any such 
expenditure is approved; furthermore, the figures are 
prepared in such a form that groups of estimates can 
easily be summarized for the preparation of periodical 
statements on the anticipated results to be obtained 
from new business acquired during any period. 


Discussion before The Institution, 14th April, 1932. 


Mr. R. P. Sloan: The system described by the 
authors has been evolved in connection with the under¬ 
takings with which I am associated, and it forms the 
basis upon which we work. There are one or two 
general remarks which I should like to make. As the 
selling of electrical energy means not only the selling 
of goods, wares, and merchandise (which electricity 
is deemed to be in law), but also of service,*' it is 
important to know both what the goods ** cost to 
produce and deliver, and also the different degrees of 
service *' attached to such supply. Even if the ** goods ** 
were supplied without service, it would not be so simple 
as it might seem^to estimate the cost of production and 
delivery. When' the national electricity scheme was 
being considered, the question of what was a fair costing 
basis to adopt as between the Central Electricity Board 
and the owners, of selected stations (where the determina¬ 
tion of distribution costs does not arise) was under 
discussion for well over a year before an agreement 
was reached. This instance indicates the complicated 
nature of the costing problems of electricity supply. 
To illustrate the vital importance of correct costing, one 
need only refer to the fact that, on the basis of the total 
quantity of electricity sold in this country during the year 
1931, an error of l/37th part of a penny per unit would 
represent the sum of £1 000 000; or, to put it another way, 
it would represent the equivalent of the ultimate annual 
amount required to meet the interest and redemption 
charges which the electricity supply authorities will 
have to provide in connection with the standardization 
of frequency. Supply authorities in this country are 
now concerned not merely with the success of their 
individual undertakings, but with the success of all 
undertakings. We have to see to. it that the sales of 
electricity are sufficient to enable the industry to carry 
without injury the charges in connection with the 
national scheme. The necessary sales cannot be realized 
unless electricity is supplied not only for lighting pur¬ 
poses in densely populated areas, but for all dopiestic 
purposes, in both densely and thinly populated areas, 
and also to a much greater extent for industrial and 
similar purposes. This means that electricity must be 
sold for both competitive ** and '' non-competitive ** 
business. In dealing with supplies for non-competitive 
business an accurate knowledge of the cost involved by 


various types of supplies may not be necessary. The 
charges for current can be determined by the suppliers, 
and so long as the total income is sufficient to meet the 
costs, all is well. As soon, however, as competitive 
business begins to predominate it is essential to know 
with accuracy what costs are involved in supplying 
different kinds of loads. The charges which are possible 
when dealing with non-competitive business arc no 
longer in the hands of the suppliers. There is one other 
matter to which I should like to refer. The authors 
state (page 853) that particular care is taken to avoid 
crediting any t 5 q)e of supply with advantages of a 
temporary nature, such as a smaller proportion than its 
permanent share of capital costs. In many cases sufficient 
attention is not paid to this point. For instance, I once 
heard it publicly stated by the engineer of a supply under¬ 
taking that capital charges for generating plant need not 
be allowed for in the cost per unit if sufficient generating 
plant was already in existence, and that the only charges 
which it was necessary to include were the cost of coal 
and the extra cost of generation and distribution. This 
engineer was quite satisfied that he need not include 
capital costs because he had already found the capital I 
Whenever capital is provided it carries capital charges, 
which should be shared between all those who use it. 

Mr. F. W. Purse: I find myself in disagreement 
with the authors in regard to. the general practical value 
of such conclusions as are arrived at in the paper. The 
first paragraph contains such phrases as" its value to 
4he consumer ** and " it is seldom satisfactory to sell 
Upon a pure cost basis, as the proper price is governed 
by its value to the customer,*' and yet a little later on 
the authors state that ■' each class of supply should be 
debited with its true proportion of every item of cost," 
and also that " a standard system has the merit of 
facilitating equitable treatment of different consumers." 
These statements seem to me to be entirely contradictory. 
The authors have devoted much labour to a very detailed 
mathematical analysis of the costs of generation, but 
why this is necessary or of any use under existing 
circumstauces I fail to see, as in a very short time all 
supply undertakings will be supplied by the Central 
Electricity Board on a " grid ** tariff and will then not 
be directly concerned with the exact details of generation 
costs. The paper would have been more valuable if 
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it had dealt with the application of an assumed grid 
tariff. Although the authors set out elaborate tables 
and masses of figures to the fifth place of decimals in 
order to demonstrate the precise method and result of 
their analysis, throughout the paper we repeatedly find 
such statements as ** These factors are necessarily of a 
somewhat arbitrary nature.*' The paper is clearly an 
arbitrary analysis based on average figures, and, this 
being so, I do not see why it is necessary to spend so 
much time in arriving at a result which can be of no 
more precise nature than figures obtained by the usual 
and simpler methods. On pages 857 and 858 the authors 
make the following statements: (a) “ It is not correct 
to assume that the unit charge in a two-part tariff 
suitable for domestic supplies will be correct for other 
supplies,** (6) A two-part tariff “ can be much improved 
by the substitution of a sliding-scale unit rate for the 
single^ unit charge.** {c) “ A simple sliding-scale unit 
tariff is probably more correct from a cost point of view 
than any two-part tariff.** I differ profoundly from 
the authors in these conclusions, which are justified by 
no proof beyond arbitrary reasoning based on average 
figures. With regard to all the various allocations and 
bases adopted by the authors, I realize that these repre¬ 
sent their own personal opinion, but I disagree with 
many of them. Time will not permit of my dealing 
in detail with these figures, because any alteration must 
run through the whole of the tables and alter the final 
results. The figures can only apply to one particular 
year, as circumstances are continually altering—even 
from day to day. For example, the subdivision in 
Appendix IV between Groups A, B, and C, will vary 
daily and will be quite different for a succeeding year. 
If one does not accept the Electricity Commissioners* 
method of allocation of costs, which has no doubt been 
arrived at after much thought and investigation, is 
there any reason for accepting the authors* method of 
allocation? The paper clearly illustrates what the 
electricity supply industry has been suffering- from 
almost throughout its existence, viz. “ tariff disease *'-— 
a continual attempt to convert an average ** into an 
‘'exact** figure. The sooner we realize that our job 
is to make electricity and not tariffs, the better for all 
concerned. 

Mr. H. Hobson: It seems to me that, despite all 
Mr. Purse has said, this paper is of great value to the 
industry, in view of the fact that it stimulates interest 
m a subject which has been given too little atfcentioik 
m the past. Although an attempt was made in America 
to analyse costs on a comprehensive scale, that analysis 
was by no means as complete or as justifiable as the one 
given in the present paper. In my opinion the following 
statement, which appears on page 852, is of more 
importance than the detailed analysis. " The fact that 
it is seldom, if ever, satisfactory or practicable to sell 
upon a pure cost basis, as the proper price of any com¬ 
modity is governed more by its value to the customer 
(which must ultimately be realized to be true even under 
a national scheme), ^ no reason for neglecting a careful 
consideration of cost. . ^ .** I think this is one of the 
soundest remarks in the paper. However sciehtificaUy 
^e supply mdustry may analyse its costs of production 
It IS ultimately forced to. a comparison between the 


price charged for a particular type of service and the 
costs of producing that service in another way. The 
danger of an analysis of this kind lies in the fact that it 
fosters a tendency to lay down a fixed selling price for 
electricity. This tendency, which has hindered develop¬ 
ment in the supply indus^ more than any other, seems 
to be gaining ground just now. It seems to me that 
the only method of getting a general electricity supply 
industry in this country is to make such departures 
from the theoretical price based upon costing as are 
necessary to meet the competition of private plant, 
provided that the sum-total of such departures ensures 
for the undertaking as a whole that the total revenue 
raised is greater than the total cost. Almost every 
individual would have his own ideas of what is the 
proper method of allocation for a particular item of 
expenditure. So far as I can see, the two main diffi¬ 
culties are, first, the determination of the proper 
allowances for diversity in any particular case, and 
secondly, the decision as to what is the proper division 
between the cost at the point of supply and the cost 
per kW or per kVA. I should be glad if the authors would 
indicate in greater detail the principles which have 
guided them in making their decisions on these two- 
points. 

Mr. H. M. Sayers: The authors leave the capital 
expenditure per consumer in the form of pounds sterling 
per kVA, although this figure has to be expressed as 
an annual charge if it is to be used for price fixing. The 
paper allocates the cost of distribution losses to generat¬ 
ing costs, and it undervalues them by charging them 
at the generating price. The cost of distribution losses 
is cumulative, and it culminates with the selling price 
for units lost through the defects of meters. If the 
authors were to apply to distribution plant the methods 
of measurement which they have applied to consumers 
and groups of consumers, they would obtain a good 
deal of useful information. The distribution losses 
represent nearly 22 per cent of the units sold to Group C 
consumers, to whom their correct costing is therefore 
important. With regard to rates, allocation in propor¬ 
tion to capital expenditure is questionable. Rates are 
really a form of income tax in public utility undertakings. 

I am particularly interested in the authors* valuable 
analyses of the measurement of domestic consumers** 
demands and consumptions. Whereas the general 
fashion is to adopt two-part tariffs for such consumers, 
they do not like the fixed charge of this type of tariff, 
which seems to them to amount to paying something 
for nothing; this is a psychological difficulty that cannot 
very well be overcome. The best way of avoiding the 
difficulty is to use classified flat rates, grouping con- 
sumers by their load characteristics, which include the 
diversity factor and the individual load factor. The 
value of service cannot be assessed in respect of small 
consumers of the Group C (domestic) class, The aggre¬ 
gate value of cleaulihess, convenience, adaptability, and 
s^ing ^of dradgery^^ is not vfco be equated to money ; 
therefore this value caimot be made a basis of domestic 
tariffs.^^ . ^ mdustriah and commercial uses the cost of 

competitive agencies does afford sonie guidance to limiting: 

prices, though in most cases of this sort there are also, 
accessory values not easily assessed in terms of money.. 
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Mr. W. P. Dlgby: I should like to say a few words 
from the point of view of the Group B consumer. In 
cases where the load factor of this type of consumer is 
high, there is a discrepancy between the first paragraph 
on page 853 and the last paragraph in the first column 
of page 869. I prefer the view expressed on page 859 
to that on page 853. Consumers whose load factors 
are better than that of the station or substation suppl 3 dng 
them are surely worthy of special rates. Further, if 
consumers have been persuaded to accept the two-part 
tariff as reasonable~not an easy matter, as their natural 
bias is towards a graduated flat rate—^it will be very 
difficult to get them to adopt the three-part tariff 
suggested on page 890, viz. a fixed charge of £15 per 
month, plus the kW charge, plus the units-consumed 
charge. ‘With regard to Figs. 21 to 27, if the authors 
could give similar figures for consumers whose total 
load was of the order 150 000 to 500 000 units per 
annum, it would greatly add to the value of the paper. 

Mr. W. J. Jones: In my opinion insufficient atten¬ 
tion has been given in the past to distribution, which 
represents the major item of cost in the case of the 
Group C consumers. I should like further information 
as to the costing of sign-lighting and street-lighting 
loads. There is a definite endeavour on the part of 
supply undertakings to obtain the street-lighting load in 
this country at the present time. I think that it is not 
completely satisfactory to draw up a general system of 
costing without some knowledge of the trend of the 
particular load in question. Certain classes of load*— 
e.g. office lighting—are known to be improving very 
rapidly, not only as regards consumption but also from 
the point of view of load factor. There is some danger 
in averaging the costs for a given class of consumer, 
because whenever new premises are equipped or a new 
nxethod of lighting is introduced for such premises, 
there occurs a vast change in the load curve of that 
class of consumer. 

Mr. H. C. Cooper: ''Cost accounting should be 
clearly distinguished from chartered accounting."' The 
work of the chartered accountant consists principally in 
making accounts balance to the last penny, while the cost 
accountant endeavours to analyse the figures in order 
to find out where economies can be made and to forecast 
future results. The cost accountant's figures are neces¬ 
sarily based to sonie extent on estimates and assump¬ 
tions, and their preparation mvolves more knowledge 
of engineering than of accountancy. I disagree with 
the authors' method of estimating the cost of new 
supplies without taking into account the capital charges. 
The examples which they give show that the difference 
between the anticipated revenue and the cost of supply 
would be equivalent to between 9*5 and 11*6 per cent 
of the capital involved, from which it appears that the 
supplies in question could be given at a profit. If, 
however, the return had come to> say, 7 or 8 per cent, 
it would have been impossible to decide whether this 
would cover interest on capital, and also depreciation 
of plant. In my opinion it is better always to take 
into account such charges at the outset. Both items 
are difficult to assess, but it is surely better to have 
an approximate figure, which can be adjusted if necessary, 
than none at all. In order that the supply in question 


may take its share in profit earning, the mterest rate 
should be not less than that fo?r the whole undertaking. 
This figure cannot be ascertained until the year's results 
are known, but an average for two or three previous 
years is close enough. The pajnnents for writing-off 
plant present a more complicated problem. In practice 
the amount allocated for this purpose in any year will 
depend upon whether funds are available, and on other 
factors. It is usually preferable to ignore the figures 
in the accounts and to calculate the amounts which 
should be paid. The calculation is based on the 
requirement that at the end of the life of the plant in 
question funds shall be available to replace it with 
identical plant, and it is assumed that a special fund 
exists into which the payments are made and from wrhich 
replacement plant is purchased. This fund will, of 
course, earn interest. Two factors must here be con¬ 
sidered; first that market prices may have changed by 



Fig. a.—C ost of electricity supply to various classes of 
consumers. 

the time that the plant is due, for replacement, and 
second, that it may be replaced by plant of a new and 
more costly design in order to obtain increased efficiency. 
Neither factor, however, presents any real difficulty. 
Fluctuations in market prices are a matter for the 
general reserves of the company and are no more im¬ 
portant than other unforeseen contingencies; while if 
expensive plant is used for replacement purposes the 
company's assets will be increased in value, which is a 
matter for additional capital. The first step is to esti¬ 
mate for each class of plant the' life to be expected 
before it must be replaced, due to its being either worn- 
out or obsolete. Low-efficiency plant is likely to be 
replaced after a comparatively short life owing to replace¬ 
ments of higher efficiency becoming available, while 
high-efficiency plant will be retained in use for a much 
longer period. The scrap value must also be estimated. 
It is then a simple matter to find from interest tables 
what annual pa 3 nnent is required. For example, with 
a 20-year life and 10 per cent scrap value, the annual 
payments would be 2 • 7 per cent of the first cost, assum- 
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■dng interest at 5 per cent to be earned by the fund. 
The rate of interest taken in this calculation should 
be the average earned by the undertaking, less any 
•^ecessary allowance for income tax. In order to 
-illustrate the importance of these capital charges I 
have prepared a set of graphs (Fig. A) for each group 
'Of consumers and for the undertaking as a whole. 
These graphs are based on the authors* figures, except 
t:hat I have adjusted them to allow for the generation of 
•the whole of the current and so made them more generally 
applicable. Interest on capital has been taken at 6 per 
cent, and depreciation-fund payments at 2*7 per cent 
• on the power station and 1 • 5 per cent on the distribution 
•system. These figures are only approximate, but they 
are sufficiently close to illustrate -the point. After 
allocating Idie cos'fcs to the three groups of consumers, 
the authors split these costs into fixed and unit charges. 
Apart from generating costs, the only unit charge is that 
for the Electricity Commissioners. In my opinion, some 
-part of the cost of substations and mains should be vari¬ 
able, even if it is a small one. Interest on coal stocks is 
referred to as a unit charge, but I have not been able to 
find it among the figures given in the paper. A point 
-which seems to require further explanation is that the 
vcost of current purchased works out at 0*5d. per unit, 
while the generation cost (including capital charges) is 
'•only about 0-34d. per unit. 

Mr, D. J. Bolton: There are considerable objections 
to the authors* method of taking capital charges into 
"Consideration. They treat each consumer as though 
he were a commercial enterprise earning a certain rate 
•of interest. As Mr. Cooper has pointed out, this system 
makes it difficult to compare one undertaking with 
another, or one operation with another. An operation 
-•which was justified, say, in 1910, might not be justified 
in 1920 owing to higher rates of interest, and might 
become feasible again in 1930 because the rates of 
-interest were less. The cost analysis should surely show 
-this. The authors* system also makes it impossible 
“fto allow for variations in the lives of the different items 
of plant. In comparing two different undertakings it is 
obvious that if one undertaking can borrow capital at 
5 per cent, and another has to pay 7 per cent, the dif¬ 
ference is just as important and relevant to the cost 
-analysis as if one undertaking can buy cheap coal and 
'the other cannot. Further, as the authors do not divide 
the capital expenditure on the generating stations among 
'the various parts, it is difficult to see how they can 
distinguish between the expenditure proportional to 
kW and the expenditure proportional to kVA. It is 
•essential to be able to do this if ul'fcimately a power-factor 
tariff .is to be employed. Since the authors divide up 
many of the items of expenditure minutely, it is curious 
to find a major item such as this left undissected. In 
the paper all the costs, except the generating working 
•costs, are regarded as fixed charges, although the trans- 
-mission and dis'txibution workihg expenses must vary 
slightly with -the number of units supplied. It seems 
'to me better to allow the same allocation of distribution 
-working expenses between fixed and running charges as 
-that employed for generation (excluding fuel). The 
.authors point out on page 857 that a purely '‘costs’* • 
-tariff will often give too high a fixed bharge and too low 


a running charge. A high fixed charge frightens the 
small consumers and is inequitable because the low- 
load-factor consumer pays more heavily than he should, 
owing to his potentially better diversity factor. Thus if 
there are two consumers taking the same number of 
units, one having a load factor of 5 per cent and the 
other a load factor of 50 per cent, the one pays 10 times 
as much fixed charge as the other, although he (with 
others of his kind) does not monopolize 10 times as much 
plant. In my opinion the only way of making up the 
balance to a low-load-factor consumer is to increase the 
running cost and decrease the fixed cost. The change 
should be based on the assumption that the individual 
diversity factor is equal to the reciprocal of the load 
factor raised to some power less than unity. 

Mr. J. W. Rissik: The paper may be compared to 
an algebraic formula made up of several independent 
variables. We all know how difficult it is to state facts 
in the shape of a formula: the labour involved is always 
great, but when the formula has been found the labour 
has been expended once for all. We cannot, however, 
apply the formula until we have determined the numeri¬ 
cal values of •the several factors of which it is made up. 
This is the second difficulty to be overcome. If the 
numerical values of all the factors have been determined, 
but one is incorrectly assessed, the final result obtained 
by the formula is wrong, and all the labour expended 
in es'fcimating the O'feher factors has been in vain. Whilst 
the authors show how to assess most of the factors, the 
paper has a serious defect in that it contains very little 
informa'tion as to how to determine thp diversity factor. 

I should be glad if the au^thors would explain in detail 
(a) how the demands in the second column of page 869 
(Appendix IV) were determined. Presumably these are 
the effective demands, and not the algebraic sum of the 
indi'vidual demands of the consumers in groups A, B, 
and C. If so, how was the diversity factor obtained ? 
{b) To arrive at the consumers* effective demand on the 
power station the authors apply an efficiency factor 
and a variable diversity factor (1 to 1 • 5). These depend, 
apparently, on the load factor and other conditions. 
It would be interesting to know exactly how they 
depend on •these variables, and how the authors would 
define the efficiency factor, (c) I should be glad if the 
authors would explain further the meaning of “half 
diversity ** factor (page 861). (^2) In Table 8 the effective 

demand on the low-tension network is in some cases 
sho'wn as greater than on the high-tension system. How 
is this possible? 

Mr. J. N. R. Perks: The basis of the authors* cost¬ 
ing systern seems to be the relationship between the 
maximum demand on the power sta'fcion and the capital 
and annual costs of the supply. Previous speakers 
have pointed out that that rela'tionship varies from year 
to year, and I think that in devising tariffs—-particularly 
for power consumers with contrac^ts of 5 years or more— 
regard must be had to what •that relationship will be in 
future years. I therefore suggest that it would have 
been better if the authors had given a Httle more atten¬ 
tion to estimates of future loads and a little less to 
minute subdivisions of certain items of present cost. 
As regards Appendix III^ it is difficult to agree that 
because •the demand of a power consumer increases,. 
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say, from 200 to 400 kW, the amount of the secretary's 
time debited to that consumer should be doubled. I 
have tried for some time past to discover whether 
overhead costs follow any law, and in preparing esti¬ 
mates for the distribution companies with which I am 
associated one of my colleagues discovered that the 
overhead costs of these companies (see Fig. B) can be 
expressed by the equation 

2/ = a -f- blog^QX 

where a and b are constants, y is the overhead cost, and x 
is the number of consumers. The points, which represent 
the actual overhead costs of four different distribution 

Scale for Company IV 



Consumers 

Fig. B.—Relation between overhead expenses and number 
of consumers. (Overhead expenses include manage¬ 
ment, directors' fees, accounts department, Electricity 
Commissioners' and Central Electricity Board's ex¬ 
penses, rents, rates, and transport.) 

companies for the last 3 years, are plotted on a logarith¬ 
mic scale and will be seen to lie on a straight line for 
each company. The authors state that they make no 
allowance for the distance from the source of supply. 
As a general rule, the costs of transmission vary as the 
square of the distance and inversely as the square of 
the voltage; disregard of distance may result in a 
consumer being taken on at considerable loss. The 
paper will perhaps restrain engineers from the some¬ 
what prevalent habit of selling electricity at any price, 
irrespective of costs. 

Mr. J. I. Bernard: Electricity-supply costs can be 
analysed fairly exactly and—as far as I am able to 
ju(jg©-_correctly by the authors' methods, but the task 
of dividing the cost between the various types of con¬ 
sumers in any group is not so easy> chiefly because of 
the varying conditions of use. Turning to page 857, 
I f-'hinV that further analysis of the costs that should 


be ascribed to the most numerous (and lately the most 
remunerative) class of consumer, i.e. the domestic 
consumer, would be of great value to those supply 
engineers who are not so much concerned about the 
division of expense as about the method of allocating 
fixed and running costs to the various classes of con¬ 
sumers. It would seem, therefore, that further and 
more rigorous analyses of the type given in Tables 4 to 9 
are necessary in order to make the calculations cover 
most practical cases. Tables 4 to 6 emphasize the value 
of the domestic consumer. They show, for example, 
that the load factor of the ordinary house increases 
steadily from 20 per cent (on effective low-voltage 
demand) for lighting only, to 29 per cent for a Council 
house with fairly full electrical equipment, to 38 per 
cent for a medium-size house using heating and cooking, 
and up to 44 per cent for a fully-electrified house. Table 6 
barely covers all the probable conditions of use: the 
authors state that time of incidence and duration of 
maximum demand have been taken into consideration 
in assessing the effective demand, but as the figures 
for the majority of partly-electrified homes fall between 
those given in the last two lines of the table, it would be 
very useful if intermediate cases could be quoted. On 
page 857 the authors attack established ideas on tariffs; 

I suggest that it would have been better if they had 
either omitted these remarks or else gone a stage further 
and proved them to be true. As regards their view 
that it is not right to make the same unit charge for a 
shop as for a house, the point that strikes me most 
in the general analysis is that all low-voltage-consumer 
costs are reduced to fixed charges, with the sole exception 
of the unit charge of 0*208d. (the working cost at the 
power station), and the unit consumptions of all the 
consumers in the road taken in the second example 
(page 891) of Appendix VIII are lumped together and 
charged at 0-208d. Turning .to the figures of cost given 
in Appendix IV, I suggest that insufficient amounts are 
allowed for the selling organization, on which the success 
of the undertaking will largely depend. It would be more 
appropriate, too, if the figures for the cost of the sales 
and publicity departments were shown under a separate 
heading. The relatively small amount quoted for adver¬ 
tising should not be sandwiched between the charges for 
stamps and for gratuities. Similarly, when £3 800 is 
allowed for a statistical department, an expenditure of 
£1 280 on showrooms is inadequate. Greater amounts 
^re allowed for consumers’ departments," but without 
an exact knowledge of what is included it is difficult 
to appreciate the position. 

Mr. J. R. Blaikie : It would be 

instructive if the authors would explain in detail how 
the total demand is subdivided, in practice, for allocation 
to the three groups. On page 862 the fixed proportion 
of the fuel cost is stated to vary directly as the demand. 
A Parsons line does not confirm this, and some observa¬ 
tions which I have made recently, on a daily basis, 
suggest the equation 

J. + (B X kW) + (C 

where A, B, and <7, are constants. (B is of the order 
of £5.) At about 50 per cent load factor it appears 
that approximately 40 per cent of the fibced proportion 
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of the cost is a constant. Some engineers who 
fiave abandoned load-factor tariffs have boldly dis- 
regarded the fixed proportion of the fuel cost and have 
nsid^ed instead the total average fuel cost. This 
ems o be rather a crude method, however, having 
Parsons line. It has occurred to me 
tha^the fixed proportion of the fuel cost may be related 
an/i ^ fixed losses in the mains, transformers, 

and metem. This might be reckoned on a mileage basis, 
^ ™fi^®ctly become a consumers’ charge. The 
au^ors’ opinion on the correct division of the fi vf»d 
^d running proportions of repairs and maintenance 
costs would be valued. As regards the fallacy of 
allocatog the whole of the mains capital charges to 
V f®®and, surely a substantial portion of this 
cost ^ould be allocated per consumer; it is far more 
important to sell the maximum number of units per 
mile of main, at any load factor, than to aim at increasing 


much art and skill is necessary in selling electricity as 
in disposing of any other product. The framing of 
sound alternative tariffs necessitates knowledge acquired 
in the first place by a careful analysis of actual costs, 
and fortified later by experience. Rapid as has been 
the recent growth in the total output of electricity, it 
is not yet fast enough to ensure that the object of the 
national scheme will be achieved as soon as was at first 
anticipated. In order to stimulate consumption we 
must be ready to offer the consumer the system of 
charging which most appeals to him, always provided 
that the tariff covers the cost and allows for a reasonable 
return on capital. The statement that the price of any 
commodity is governed more by its value to the customer 
than by its cost, is open to qualification. One school 
of thought maintains that current should be sold at 
the highest price obtainable, and another considers that 
it should be retailed at the lowest price that will cover 


Consumers 


1 house at 6 rooms 
4 houses at 5 rooms 
4 houses at 4 rooms 

14 slots (3 lights) 

2 public houses .. 

1 shop .. 

1 sawmill 
1 street lighting.. 


Table A. 


Estimated revenue 

Costs 

Profit 

Capital 

£ s. d. 

£ s. d. 

£ s. d. 

£ 

12 1 7 

5 2 9 

6 18 10 - 

92*3 

12 7 0 

5 9 6 

6 17 6 

64-34 

9 10 0 

5 4 10 

4 5 2 

58-06 

27 6 0 

1116 2 

16 9 10 

191-35 

19 2 7 

6 9 8 

12 12 11 

118-05 

1 18 0 

.17 8 

• 10 4 

17-85 

23 10 0 

4 13 9 

18 16 3 

63-35 

14 0 0 

4 8 0 

9 12 0 

82-2 

£119 15 2 

£44 12 4 

£76 2 10 

£687-60„ 


Per cent 

7-5 

11-4 

7-3 

8‘1 

11-2 

2-9 

29‘5 

11*6 


10*9 


the load factor. Such items as the Electricity Com¬ 
missioners charges should be divided by the total 
number of units; if this were done there would be much 
less difference between the overall costs at 20 per cent 
and at 30 per cent load factor. I suggest that the 
majority of the tariff troubles of the past have been 
due to an exaggerated idea of load-factor costs. The 
authors multiply the three components of the cost viz 
the consumers' charge, the kW charge, and the unit 
charge, by a common factor in order to obtain the 
necessary gross profit for meeting the capital charges.# 
Although the purist might object to this method on 
the ground that the greater part of the capital charges 
are per kW, I think it is a move in the right direction. 

I should, however, prefer to see the kW charge reheved 
of every allocation that is not positively justified, in 
the original analysis. The step rate in the unit charge, 
inside a load-factor tariff, seems to call for some 
explanation. 

Sir i^old Gridley (communicated): In some areas 
the policy is pursued of rigidly adhering to a limited 

number of tariffs. Is there not a strong case, however, 

^^r entrustmg the engineers whose duty it is to get 

sines^, with a fair, number of alternative tariffs ? A 
co^umer may be secured by one tariff 
iefinitely refuse another. At least as 


all charges. Which of these two policies is likely to 
cause the more rapid increase in the consumption of 
electricity ? If, as is claimed by those engaged in the 
industry, electricity supply has become as essential a 
public service as water, gas, and rapid transport, does 
it not follow that current must be sold at the lowest 
price which will enable a reasonable dividend (com¬ 
parable with that paid on gas stocks) to be earned? 
If so, there is room for a revision of tariffs in many areas 
where current is being sold inequitably as between one 
class of user and another. In some districts the lighting 
and domestic rates are too low, and power tariffs far 
too high. In other areas the reverse is the case. Is 
not this position in some degree due to the lack of 
knowledge of the true costs of delivering current to 
the various classes of users ? 

Mr. C. lEiird (communicated): The authors' classi¬ 
fication of consumers into three groups wfil no doubt 
enable most supply undertakings to apportion with 
accuracy the costs of the greater part of their output. 
The large consumers of Groups A and B can be readily 
placed in their proper categories, and each of these 
groups has its definite characteristics. Group C, in 
which the remaining consumers are placed, contains 
such a variety of types that for many purposes further 
subdivisions would seem desirable. With regard to 
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the mains extension considered on page 891, in 
Appendix III the authors point out that it must be 
incorrect to allocate costs to the consumers on the basis 
of their demands. Unless allocation is made, however, 
much of the value of the analysis is lost, and it will be 
of little assistance in such questions as the fixing of 
tariffs for the various types of consumers in Group C. 
Table A represents an attempt at this allocation, bear¬ 
ing in mind that the expenditure on low-tension mains 
is only a little more than one-half the total capital 
involved. In actual practice, allowances could be made 
in abnormal cases, which would remove the most serious 
•sources of error. As the authors point out, the proper 
price of a commodity is governed by its value to the 
customer, and there is no reason to suppose that 
the sawmill referred to in Table A is being over¬ 
charged for the services rendered by the undertaking. 
Nevertheless, if this consumer had not been included 
the profits from the extension would have been lower 
by ne^ly 2 per cent. The supply to the 14 consumers 
with 3 lights each is of particular interest, as many 
undertakings are seeking domestic loads to maintain 
their output at a time when the demands of industry 
are stagnant. Only a small proportion of houses having 
5 rooms or less are wired for electric light. Table B* 
gives some idea of the potential load awaiting develop¬ 
ment amongst very small lighting consumers. 


Table B. 



Percentage of total number of 
houses where the number of rooms 
per house is— 


1 to 3 

4 to 5 

0 to 8 

9 or more 

London ... 

per cent 
18 

per cent 

27-1 

per cent 

42-4 

per cent 
12-6 

Manchester 

11-8 

65-8 

20 

2-4 

West Riding of Yorkshire 

33-8 

48-3 

15*5 

2-4 


The figures given on page 892 show the slot-ineter con¬ 
sumer's cost as £0 • 63 and that for the quarterly-meter 
consumer as £1*03; it would be interesting to know the 
reasons for this difference, as an additional charge for 
slot-meter maintenance might have been expected. The 
value (at 0*208d. per unit) of the units passed through 
each slot meter is less than Is. 4Jd. per annum, and it 
seems paradoxical to install apparatus at a cost of £2 or 
more to measure such a small quantity. It is practicable 
to supply consumers of this type at a fixed charge and 
allow unlimited use, as has long been the practice of 
water companies. In certain districts in and near 
London this method has been adopted, the consumers 

* See W. B. Woodhouse : Journal lM E.f 1935, vot 63, p. 3. 


being connected in groups of about 8 to each service. 
Statistics of such supplies are as follows:— 

Consumers .. . 20 500 

Lamps .. . 58 500 

Lamps per consumer .. .. 2-85 

kW connected .. .. .. 2 470 

Units per annum. 7 200 000 

From the above it appears that a small consumer supplied 
with unmetered electricity will increase his consumption 
to about 4 times the number of units he would use if 
connected through a slot meter. The additional cost of 
these units at the above rate does not amount to more 
than is usually charged as meter rental. The very 
small domestic consumer calls for special methods of 
supply, and there is a danger that when grouped with 
consumers of other t 3 pes he may be an unsuspected 
source of loss to an undertaking. 

Mr. C. E. Sayer (communicated) : The example of the 
analysis of electric supply costs presented in this paper 
is, in my opinion, very valuable, and I am interested to 
see that it follows closely the lines of a hypothetical 
analysis which I myself worked out some years ago as 
an example of tariff building. Whether or not the 
results obtained are strictly followed in the actual 
tariffs quoted, it is, I think, of the greatest importance, 
as some previous speakers have pointed out, to know 
what is the real cost for any particular class of consumer. 
There are, of course, wide limits in respect of the elabora¬ 
tion with which such an analysis can be conducted, 
and it may perhaps with some justification be thought 
that the degree to which this has been carried by the 
authors goes beyond what is necessary for ordinary 
puiposes. I should like to suggest an addition to the 
interesting results given in Figs. 3 to 11. This "is the 
average floor area of the respective premises. I believe 
it is generally conceded that the floor-area basis for 
domestic premises forms, on the whole, undoubtedly the 
best for quarterly fixed-charge computation for two- 
part tariffs, and this information would provide a 
valuable link between floor area and demand. These 
charts, with the data accompanying them, do give 
information as to average load factor and apparently 
take account of the class diversity-factor. That is to 
say, if the demand read off the diagram for any hour of 
the day be multiplied by the number of consumers, 
the result gives the actual load to be expected from 
%at number of consumers of the class in question. 
The diagrams do not, however, indicate what the diversity 
factor for each class actually is, so that the addition of 
some information on this point would be of value. 

[The authors' reply to this discussion will be found 
on page 905.] V ; 


South Midland Centre, AT BiRmNGHAM, 4 th 

Mr. O. W. MinshuU: I should like to know whether view.^ a^ee tha-t some form of 

the authors have come to any definite conclusion as to penally for a low power factor, or rebate for a ibdgh one, 

which method of inducing the bulk consumers to take is necessary, since they allow for an adjustment where 

their supply at a reasonably high power factor is the the power factor differs appreciably from the average 

most satisfactory from the supply authority's point, of for the group. A low power factor being of no benefit 
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either to the supply authority or to the consumer causing 
it, the analysis of costs should show that the cost to the 
supply authority of the inducement to improve power 
factor would be recovered by the saving in capital 
expenditure alone, more especially in the case of Group 
B consumers. The natural corollary is that Group A 
consumers be offered practically no inducement to 
improve their power factor. 

Mr. R, H. Rawll: Although it would appear that the 
supply undertaking with which the authors are associated 
utilizes the very detailed analysis outlined in the paper 
as a practical basis on which to fix the tariff for a par¬ 
ticular class of load, the smaller undertakings in this 
country could not hope to maintain a statistical organiza¬ 
tion for a similar purpose; it does not necessarily follow, 
however, that the information put forward by the 
authors is of little value to such undertakings. On the 
contrary, much of the matter contained in the paper is 
of great value to undertakings of all sizes. For example, 
a comparison between Figs. 9 and 11 gives a good idea 
of the amount of potential load available in the domestic 
sphere. It shows that the average consumption per 
house is approximately per cent of that of the in¬ 
dividual house where full use is made of electricity, and, 
incidentally, it also shows that the peak load on the 

North-Eastern Centre, at 

Mr. C. Turnbull: From the mathematical point of 
view the problem of charges to bring in enough money 
is similar to that of solving an indeterminate equation with 
a large number of variables. An infinite number of solu¬ 
tions is possible, but by making use of the principles set 
out in the paper one can considerably reduce the number 
and discover those that are correct. In practice it is im¬ 
possible to be entirely scientific, as ultimately one has to 
be guided to a large extent by what can be charged 
commercially. From a theoretical point of view every 
consumer should be charged a yearly sum to cover the 
cost of his service, whether he uses current or not. This 
brings one face to face with the difiiculty that the cost 
of suppl 3 dng a small house with a long garden may be 
greater than that of supplying a large house close to the 
mains. Although the Garden City movement is excellent 
from one point of view, it greatly increases the cost of 
the electricity, gas, and water supplies, and it would be 
advantageous to everyone if all these mains could be 
laid close to the houses instead of in the roads and 
separated from the houses by long gardens. While one 
cannot get those concerned to see that the cost of 
suppl 3 dug houses is a matter which affects consumers, 
the fact remains that in the end the consumers have to 
pay for excessively expensive mains. There is an oppor¬ 
tunity here for useful co-operation of supply engineers 
with architects and town planners. The paper makes it 
clear that one must be cautious in dealing with sp^^^ 
tariffs for heating, etc. Where bulk supplies are taken, 
a large heating load may place an undertaking in a 
difficult position. A cold snap in December may increase 
the maximum demand by hundreds of kilowatts and 
raise the kdlowatt charge by £1000 or more, without 
producing any appreciable revenue. In January an 
equal increase in the demand may be much less serious, 


feeder would be increased 16 times if all houses were 
fully electrified. Again, it is apparent from these two 
curves that the morning peak is about 50 per cent higher 
than that of the evening. Fig. 10 shows that the 
maximum load is obtained on a Sunday morning and 
that it is about 40 per cent higher than the weekday- 
morning peak. The Sunday-morning peak is also more 
prolonged, in that the load does not fall off until after 
midday, whereas on weekdays the load rapidly declines 
after about 9 a.m. A study of the various curves in the 
paper gives food for thought with regard to the supply 
meters of abnormally large current-carrying capacity 
which are often installed to-day by many supply 
authorities in order that they may be on the safe side in 
relation to the connected load. It would be interesting 
to know what type of domestic water-heater is installed 
in the house whose load curve is shown in Fig. 11, since 
there appears to be no load at all during the night. 
Supply authorities are giving special rates for night loads, 
and water-heaters with thermostatic control fulfil this 
condition; but they do not appear to be utilized in this 
particular instance. 

[The authors* reply to this discussion will be found on 
page 905.] 


llTH April, 1932. 

seeing that it will probably be compensated for by the 
normal increase of load before the end of the year (the 
Mowatt charge is usuaUy based on the highest demand 
in the calendar year). No amount of calculation will 
enable one to predict such items as these, and they must 
be allowed for under '^contingencies.*' A further item 
in the problem of costs is the effect which tariffs have 
on load curves. Where current is cheap the load factor 
wfil tend to be high, and when it is dear the load factor 
will tend to be poor. The authors* method of calculation 
will help supply authorities to estimate the rates which 
may be offered to consumers in order to induce them to 
improve their load factors. In the end, the problem 
resolves itself into a balancing of mathematical costs 
against the psychology of consumers. Mathematically, 
the fixed charge should be high and the running chai’ge 
low, but in actual practice it may be found that con¬ 
sumers are afraid of high fixed charges, and they may 
prefer to have a lower fixed charge and a higher running 
charge. The principles of costing discussed by the 
authors apply to manufactures generally. The time and 
material necessary for the manufacture of almost all 
kinds of articles only represent a fraction of the total 
cost, and manufacturers are discovering that once they 
have obtained ^eir establishment charges they can make 
a profit by selling the balance of their products at a low 
price. There is a precise analogy between this and the 
system of selling electricity for heating at a lower price 
than for hghting. 

Mr. C. W. Sl^t: The authors examine the question of 
cost analysis from the point of view of an undertaking 
owned by a company. No reference is made to interest 
^d smking-fund charges, and if the figures under the 
headmg of taxes include income tax the amount charged 
IS small as compared with other items such as rates. 
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Presumably these items are treated as an appropriation 
of profit, and not as a charge. The percentage returns 
referred to on page 892 will indicate whether these 
charges are covered. With a municipally-owned under¬ 
taking, where such return is insufficient to cover the 
charges a net loss is the result. There is no reason why 
provision could not be made for this in ordinary circum¬ 
stances. A complication occurs where capital expendi¬ 
ture of a considerable amount entails a corresponding 
increase in the interest and loan-repayment charges. 
The amount of spare plant is increased and the required 
percentage return on allocated capital is more. This 
means that for a given extension for the year before the 
new charges are met, the percentage return would be 
considered adequate, whereas for the following year it 
would not. Further, the relation of the cost of one type 
of asset to that of another is constantly changing, and 
the depreciation charges due to the differing periods of 
life are thus fluctuating proportions. I have in mind 
that the period of life assigned to various assets in 
municipal undertakings may vary from 7 to 40 years. 
Here also the system of amortization can be the means 
of increasing capital charges by steep steps. The authors 
appear to allocate capital expenditure to groups irrespec¬ 
tive of the differing lives of the assets. Should these 
not be weighted? Moreover, in view of the fact that 
the *'grid'' price will allow for generation capital charges 
only, would it not be an advantage, particularly where 
a^ grid supply is taken, to separate generation from 
distribution capital expenditure and have separate com¬ 
ponents for each^P In view of the fact that a great deal 
depends upon the accurate apportionment of kW and 
kVA between groups of consumers, I cannot see that 
the majority of undertakings are in a position accurately 
to determine §uch components in their application to 
groups. As a universal costing system, therefore, the 
value of the authors' scheme would be lessened. Without 
an accurate analysis of costs it is impossible to construct 
a tariff which will give equality of treatment to all 
classes of consumers; and, further, without such a tariff 
it is impossible to encourage the use of electricity to an 
extent which will give consumers the full advantage of 
the growing efficiency and low operating cost of the 
modem power station. Electricity legislation compels 
an undertaking to offer a tariff based upon a rate per 
Board of Trade unit, but permits an alternative method 
of charge by agreement with the consumer. A minimum 
standing charge is recoverable which is independent of 
the consumption. From the early days of electricity 
supply the difficulty of allocating standing charges in 
proportion to the units supplied has been appreciated, 
and it is permissible by agreement to construct any 
non-preferential tariff that fairly allocates the standing 
and running charges to each class of consumer. The 
information contained in the paper inclines me to the 
opinion that the majority of the costs incurred can only 
be handed on to the consumer by some method of 
assessment; they cannot be proportioned to the registra¬ 
tion of electrical measuring instruments. I understand 
that the authors consider that the proper proportion of 
standing and running costs can be handed on by means 
of a graded unit charge. I would hesitate before agreeing 
to this as a principle, though there are arguments in its 

Yol, 'll. 


favour, the principal one being expediency. Whatever 
the form of the tariff, I am of opinion that it should take 
care of the following three items: {a) A charge per 
consumer. (6) A charge per kW or per kVA. (c) A 
charge per unit to cover production and transmission 
losses. The charge per consumer should be only large 
enough to ensure that the large number of small con¬ 
sumers are paying a proper proportion of service, meter, 
and office-administration costs. This charge per con¬ 
sumer does not require grading. The relation between 
large and small consumers' costs should be included in 
the kVA or kW charges. These should be fairly steeply 
graded according to quantity, because, as the authors 
point out, distribution costs do not increase in anything 
like the same proportion as the kW or kVA transmitted. 
The cost per unit does not appear to call for grading, 
but on the score of expediency it would be better to 
grade it in order to encourage additional consumption. 
The information contained in the graphs shown in 
Appendix VI is particularly useful. They enable one to 
visualize the remarkable diversity factors applicable 
to various classes of loads, and include information 
which the smaller undertakings would find difficulty 
in obtaining. 

Mr. R. H. Scotson: I should like to draw the authors' 
attention to Fig. 4, which shows the load due to a Council 
house having an annual consumption of 900 units with 
a connected load consisting of lighting, cooking, heating, 
wash boiler, kettle, and water heater. Fig. 7, on the 
other hand, shows an annual consumption of 760 units 
for lighting and small appliances only. . The additional 
revenue in the first case does not justify the heavy capital 
expenditure on cooking, heating, wash boilers, and water 
heaters, for Council houses. Referring to tariffs, in order 
that supply authorities might safely develop loads other 
than lighting it would be advantageous in some cases to 
buy electricity at two rates. A supply authority can 
afford to pay more for units to be sold as lighting than 
it can for units to be sold for other purposes, because, 
unlike other applications, electricity for lighting has no 
serious competitor. 

Mr. A. H, W. Marshall: It would be of interest to 
know how the authors deal with capital expenditure 
which has to be incurred in advance of the load, and 
which usually varies considerably from year to year. 
Do they allow an average increment each year in a 
growing undertaking ? In reference to the acquisition of 
k)w-priced load, I take it that the objection they offer 
to the utilization of spare plant capacity for this purpose 
does not apply to off-peak load, and that some remission 
of standing charges would be admissible in this case. In 
the apportionment of generating costs between standing 
and running charges, the ratio for current purchased is 
much higher on the standing portion. Why should this 
be so? If a grid tariff is intended, such a tariff would 
surely be based on the generating costs. I notice that 
the annual payment which will now appear in the 
balance sheets of all undertakings in respect of the 
frequency levy is not included in the analysis, and is 
apparently incapable of assimilation. 

[The authors' reply to this discussion will be found on 
page 905.] 
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North-Western Centre, at Manchester. 12th April. 1932. 


Mr. W. £. Swale: In the past, tariffs sufficiently 
^curate to pve reasonably good commercial results 
“P ^ rudimentary cost analysis, 
modined and adapted by considerations of “service 
rendered'* to the users and their “ability to pay.** The 
need for a system as complex as that described in the 
paper is probably a function of the size of the area 
served. There is a more insistent need for an elaborate 
costing system in a widely-spread undertaking involving 
great rural areas than in an extremely compact one. In 
the undertaking with which the authors are associated 
the cost analysis is apparently the routine work of the 
statistical department, an organ of administration which 
in most undertakings is conspicuous by its absence. Is 
the statistical department responsible purely for the 
figures and records needed for the cost analysis, or does 
it also prepare and co-ordinate the many other records 
regarding system losses, total load connections, and 
consumers characteristics ? A central statistical depart¬ 
ment, run by a trained staff on modem lines, would be 
of great value to many branches of the activities of a 
large undertaking. The supposed heavy cost of such a 
department is usually the main reason for its absence, 
although if the total annual costs given on pages 870 
and 871 are relatively correct only 1-12 per cent of the 
total expenditure is devoted to the statistical depart¬ 
ment. The cost of the department is thus very small 
mdeed, in view of the exceedingly valuable work which 
it does. With regard to the question of definitions, 
although the precise meanings of the terms “diversity 
factor," “effective demand,** and “efficiency factor,** are 
fairly clear when the paper is studied, so many alternative 
readings are found in the literature of the subject that 
it would be valuable if the authors could add a small 
appendix to their paper defining all the terms about 
which ambiguity may exist. Referring to Table 8, it 
would be interesting to know exactly what “kW of power 
connected** means. Is the total horse-power connected 
merely multiplied by 0 • 746, to convert it to kilowatts, or 
is allowance made for the motor efficiency? I hope that 
the time will soon come when the use of the horse-power 
as a unit will disappear entirely, and motors will be 
rated according to the number of kW which they actually 
take. Turning to the statement (page 853) that “The 
expression 'overhead costs* used later in the paper i« 
exclusive of capital charges,** the authors make no 
mention of such capital charges as income tax, interest 
on shareholders* capital, and a sinking fund to meet 
depreciation. Are these important items dealt with 
separately by the accounts department ? How are these 
charges allocated to the three groups of consumers ? The 
crucial point of the whole analysis is surely the allocation 
of capital expenditure at the bottom of page 871. What 
are fhe authors' reasons for allocating 8*8, 63*33, and 
27* 87 per cent respectively of the cost of generating 
stations to Groups A, B, and C? Have they found it 
possible by means of load models or summation load- 
curves to get a close approximation to the true peak-load 
responsibility? I should like to know how the figure of 
£127*6 for the expenditure on one point of supply (page 


890) was ascertained. The figure of 9 * 5 per cent for the 
percentage return on total capital involved clearly has 
to be sufficient to cover the capital charges previously 
mentioned. 

Mr, O. Howarth: The paper shows that a correct 
analysis of costs depends very largely upon good judg¬ 
ment based upon experience. For instance, the correct 
determination of the diversity factor for the various 
classes of consumers must be largely a matter of judgment 
and is not capable of very accurate measurement. It 
must also be borne in mind that if adding the consumers* 
demands and dividing by the station demands gives a 
diversity factor of 1*1, where there is a 10 per cent loss 
between the station and the consumer the real consumers* 
diversity factor is 1*22. Consideration therefore has to 
be given to the question of which diversity factor to use. 
An examination of the appendices to the paper shows 
that the undertaking sells at a lower kW charge than 
cost, and recovers the difference from the unit charge. 
Assuming that the figures given in Appendix IV are 
t 5 rpical values, I have worked out the costs of supplying 
a cotton mill on tlie basis of a 27 per cent load factor, 
a maximum demand of 1 000 kW, and a 9 per cent 
allowance for depreciation and interest on capital. The 
average economic price works out at 0*70d. per unit. 
For a 250-kW cotton mill working full time the economic 
price would be 0*753d.; on short time the price would 
be higher. Turning to Fig. 4, the low value of the base 
load shows that in the Council houses referred to little 
use is made of electricity for heating purposes. This 
curve shows a load factor of 42 per cent. If electric 
heating were used continuously in some pf the rooms of 
these houses the diversity factor would probably be 
considerably less. On examining the diversity factor 
and load conditions in a house where electricity is used 
continuously for heating T found that the load was 
3*76 kW at the time of high-voltage peak and 5*8 kW 
at the time of low-voltage peak. The total kWh were 
just over 11 000 per annum. Taking a diversity factor 
of 4, on the basis of Appendix IV the total cost works 
out at £16*1 per annum, and the total annual revenue 
under a local tariff would be £28*1, giving a return of 
8 per cent on the capital. In connection with the 
church-hall heating installation dealt with in Fig. 20, 
the load is approximately 4 kW on high-voltage peak, 
and 16 kW on low-voltage peak; assuming a iversity 
factor of 2 on low-voltage peak loads, on the basis of 
Appendix IV the economic cost amounts to 1 * 7d. per 
unit, allowing 9 per cent for depreciation and interest. 
I am acquainted with some premises equipped with 
tubular heating which is left on continuously and where 
the consumption is about 10 times that of the installation 
considered in Fig. 20. I worked out the cost in that case 
assuming they were one-tenth the size. The annual load 
factor based on the highest demand for the year is 
36*6 per cent* and the units consumed are 10 900, The 
maximum load is 3*5 kW on low-voltage peak and 
3 *1 kW on high-voltage peak. Assuming no diversity 
between groups of consumers of this type, the economic 
price works out at 0*86d. per unit—^rather less than half 
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that of the installation dealt with in Fig. 20. This 
example shows that with continuous heating a much 
better load factor is obtained, and it is worthy of note 
that for this system of heating the economic price is only 
half that of electricity for intermittent heating. With 
continuous heating the consumption will clearly not be 
nearly double that with intermittent heating, probably 
not 20 per cent more, so that continuous heating is 
apparently a much better proposition for both the supply 
undertaking and the user. With continuous heating 
there is little or no diversity, and the difficulty of judging 
the diversity factor therefore disappears. With regard 
to demand charges, sometimes the annual demand is 
taken, and nowadays the statutory demands under the 
1926 Act are becoming rather popular with suppliers, 
but not with users: sometimes the monthly maximum 
demand is taken. The authors do not indicate which 
demands they really refer to in their curves. Under 
the 1926 Act the price of bulk supplies given by an 
authorized undertaker to another authorized undertaker 
allows for transmission costs, and therefore the distance 
from the station has a considerable influence on the cost 
of supply to a particular consumer. This rather upsets 
the authors' analysis, because it prevents us from 
averaging out the costs of supplying consumers at widely 
different distances from the station. The route from the 
point of supply to the point where the supply is given 
to the other authorized undertaking must be considered. 
I should like the authors to explain how they deal with 
the opening-up of new areas which do not become 
profitable for mai^y years. Do they recommend that in 
order to cover development expenses the charges to all 
consumers should be increased ? Although the existing 
consumers may complain that it is unfair that they 
should be penalized in order to help new consumers, they 
ought to bear in mind that they themselves were 
originally given a supply at the expense either of some 
other consumer or of the shareholders or ratepayers. 

Mr, J. L, Carr: Although on page 857 the authors 
refer to the actual maximum demand in assessing costs, 
in the preparation of some of the schedules they appear 
to base their estimate of cost on this value, instead of 
working on an equivalent demand derived from the 
actual maximum demand with due regard to the magni¬ 
tude and the incidence of the latter with reference to the 
main load. The fixed costs of a distribution system 
supplying essentially one type of load, as, for example, 
in a residential area, are directly proportional to the 
diversified demand, but the equivalent-demand method 
should be used to determine the fixed costs of the 
generation and main transmission systems. No load 
should be developed at an extremely low rate which 
would, in the final state of development, prove un¬ 
economic. The equiyaleht-demand method is of con¬ 
siderable value in enabling one to form soiiie idea of the 
economic limit when any particular load is fully 
developed. The important effect of temperature has 
been disregarded in some of the authors' load curves for 
domestic users. The day load in a domestic area will 
vary veiy considerably with temperature, and a difference 
of 15 to 20 deg. F. may be accompanied by a 2 :1 variation 
in load where extensive heating is installed. The effect 
of heating is very important as regards domestic con¬ 


sumers, as is shown by the following figures taken from 
the paper. In Fig. 4, which refers to a small all-electric 
house where little heating equipment is installed, the 
daily use is represented by 13-1 kWh per kW of 
demand. In Fig. 9, again for a house in which little 
heating is installed, the figure exceeds 10 kWh per kW 
demand; whereas in Fig. 11, for a house where a more 
extensive heating equipment is installed, the use falls to 
approximately 9 kWh per kW supply. The curves pre¬ 
sumably refer to winter days, with similar temperature 
conditions, and the values given indicate that the daily 
load factor is reduced with increased heating. In the 
case of the annual load factor, however, the difference 
would be very much more marked because in the summer 
months the heating load would practically disappear, 
whereas the load due to the cooker and miscellaneous 
appliances—lighting may be ignored for all practical 
purposes—would still be of importance. The particulars 
given of domestic consumption indicate that the group 
demand factor is appreciably lower than that for similar 
users in this area. The authors suggest that in most 
cases full use is not made of the service provided, and 
this may be due to the adoption of a higher running 
charge than is usual in this area. The effect of a com¬ 
paratively high running charge is to discourage the use 
of electricity for general heating, and, as such electric 
heating in small houses is usually provided by means of 
radiators, to reduce the maximum demand. , This con¬ 
sideration probably accounts for the reducbd demand 
factor referred to previously. If, therefore, after the 
actual cost of supplying a load of ascertained character¬ 
istics has been considered an economic tariff is introduced 
in which the running charge is low, the result may be to 
encourage some particular use (e.g. heating appliances) 
which will ultimately alter the characteristics of the load. 
In other words, load and tariff cannot be considered 
independently, and due regard should be paid to this 
important point when arranging tariffs, particularly for 
conditions of partial development. 

Mr. H. Shackleton: From the fourth paragraph on 
page 861 I gather that the authors suggest the figure of 
1-4 as the diversity factor between all distribution 
substations, 1-2 being the average diversity factor at a 
point somewhere between the generating station and 
the distribution substations. Investigations made by a 
large supply undertaking in this district showed the 
diversity factor between $2 6* 6-kV mains, each of which 
supplied a distribution substation, to be 1*21. The 
diversity factor between the 6 • 6-kV mains fed from each 
transformer at the main step-dovm stations was 1*07, 
and between these transformers 1»15. The apparent 
discrepancy between 1'21 and 1 • 07 X 1 • 15 (= I • 23) 
was due to the fact that the former figure (1 * 21) included 
certain 6*6-kV mains which gave supply direct from 
generators, without any intervening transformers. I 
suggest that the large diversity factors obtained by the 
undertaking with which the authors are associated are 
made possible by the large area of supply and the 
immense variety of load obtained. The advantage from 
the supply authority's point of view of having one coal 
fire per house is shown to some extent by a comparison 
of Figs. 4 and II. The consumptiqn during winter 
months is very low (3-15 kW per day) for consumers 
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■with a coal fire, compared with 36 kW per day for those 
without a coal fire. I am unable to agree that with the 
addition of a comparatively small amount of heating and 
cooldng, the morning load in houses exceeds the evening 
load. Comparing Figs. 7 and 9, we see that the addition 
of a fairly large amount of cooking per consumer does 
not increase the morning peak, but on the other hand 
the evening peak in Fig. 9 is less than half that in Fig. 7, 
although the lighting connections have only been reduced 
by 40 per cent and other connections have been increased 
by almost 200 per cent. Records taken at distribution 
substations in certain residential areas near Manchester 
show that in 50 per cent of the cases examined the 
substation peak occurred in the evening, although in 
these areas the connected heating load ranged from 36*3 
to 43 per cent and the cooking load from 30 to 40 per 
cent of the total connected load. The figures given in 
the table at the foot of page 869 indicate that the annual 
load factor of Group C consumers, based on maximum 
demand at the power station, is 18*4 per cent. This 
value, which takes into account diversity between sub¬ 
stations, is surprisingly low. The demand factors of 
domestic consumers on the North-East Coast appear to 
be considerably lower and the consumptions very much 
higher than those experienced in this locality, and yet 
the annual load factor for Group C consumers in this 
district is of the order of 25 per cent, i.e. approximately 
36 per cent greater than the authors* figure. Perhaps 
they will explain this. I am pleased to see their 
suggestion for improving a two-part tariff for domestic 
supplies by the substitution of a sliding-scale unit rate 
for the single unit charge. The suggested modification 
should be designed to remove the present anomaly that 
it is possible for large domestic consumers to obtain 
energy at rates comparable with those charged for 
high-voltage supplies. In my opinion the average load 
curves illustrated in the paper do not provide the best 
basis for assessment of costs of supply. The additional 
load demanded during very cold spells would only affect 
these curves to a small extent. Generating plant and 
mains must be capable of dealing with this abnormal 
load, and the capital charges on the additional equipment 
must be met. If the supply authority shows a profit 
with tariffs designed on the basis of the present paper, 
someone must have shouldered this extra burden. 
Apparently it would be divided between consumers in 
proportion to their average demands, in which case those 
with large amounts of heating load would not bear th«ir 
fair proportion of the costs. 

Mr. A. Fuchs: I should like to refer to a device I 
came across in Amsterdam which would considerably 
help to flatten the load curves of generating stations. 
This device supplies hot water for domestic use. It 
consists essentially of a heat-insulated cylinder, and no 
matter how much water is kept in the cylinder it is 
always maintained at a definite temperature. The water 
supply may be cut off and the contents of the cylinder 
used up as required. When the supply is restored the 
water fed into the tank also enters at the correct tem¬ 
perature. A sjmchronous-clock switch worked from the 
standardized supply frequency switches : a cheap-rate 
electric supply on to the cylinder when the load is below 
the normal value (e.g. during the dinner hour), and 


switches it off at the commencement of the high-load 
periods. By choosing the correct size of cylinder one 
can heat sufficient water during the night and the dinner 
hour to meet the requirements of the day, and the heat- 
insulating jacket keeps it hot. Should the hot water be 
used up before the clock switch restores the cheap electric 
supply, however, the water heater can be manually 
switched over to the normal house supply (at a higher 
tariff) until sufficient hot water has been obtained or 
until the clock switch restores the cheap supply. I should 
very much like to know whether the authors have 
considered this device, or whether they do not deem it 
worth encouraging in their particular districts. 

Mr. W. Fennell: In Fig. 11 the authors give a load 
curve for a small house having 6 kW of heating and 
5*8 kW of cooking where the maximum demand is 
2 * 5 kW. In my opinion such a low figure as this would 
be impossible for any one house, though if there were 
20 or 30 such houses one might get an average figure of 
this order. I should like to see a curve for a house of 
slightly larger type where late dinner is the rule, because 
I am sure that it would show a much greater evening 
load. There are districts in my area where the maximum 
load occurs between 7 p.m. and 8 p.m. In addition to 
cooking apparatus, electric radiators would be in use in 
the living room, or the billiard room, which would bring 
the maximum load to about 15 kW. With regard to 
the addition of a sliding-scale unit charge to the two-part 
tariff, I have been successfully operating such a schedule 
for a considerable number of years. The first 100 units 
per quarter are charged at 2d. per un^t, the next 100 at 
Id. per unit, and the remainder at |d. per unit. One 
disadvantage of the scheme is that it prevents the 
smaller consumers from using cheap electricity for 
incidental work such as is done by wash boilers, breakfast 
cookers, and electric irons. They cannot afford to get 
beyond the high rate of the first 100 or 200 units, 
and are therefore purely lighting consumers. This 
type of tariff therefore prohibits the kind of load 
one ought to encourage, especially in connection with 
housing schemes. I think the paper would be improved 
if all mention of generation were omitted, as almost 
before we can adopt any of the methods recommended 
in it we shall be buying electricity in bulk. Starting on 
a basis of £a per kVA -f- &d. per unit for bulk charges, 
one can build up a corresponding schedule of detail 
charges much more simply than the authors have done. 
Turning to the estimate on pages 890 to 892, I find that 
the estimated net revenue is £119 16s. 2d. for the new 
consumers, but the schedule does not state the figure 
actually obtained. It would be interesting if the authors 
could quote an estimate of 2 years ago and compare it 
with the result being obtained to-day. Their estimates 
and results balance almost to a halfpenny; I cannot 
obtain such close agreement, though fortunately the 
results are usually better than the estimates. It is 
suggested in the paper that we should not develop loads 
which depend upon the precise time of the peak tallying 
with that of some characteristic of the station or supply 
load for the area. I think a good many of those of us 
who buy in bulk find that this is almost the only way 
in which we can develop aiiy considerable power load. 
If a consumer can be obtained who will consider an 
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off-peak basis, I think we should encourage it, otherwise hours. If they will not do so, the agreement must run 

the addition of the kVA charge will probably produce its course (usually not a very long one), and when it is 

such a high average unit charge that no business will renewed the prices must be raised in relation to those 

result. I have accepted a number of consumers on charged to others who are wilUng to keep clear of the 

agreements in which use during certain hours is not period of peak load. 

allowed, or must be reduced substantially. In other : With regard to peak loads, the present 

words, in order to obtain a very low power cost the increase in the domestic load is causing the bulk-supply 

consumer must be careful to arrange his work so as to peak to occur later in the evening; whereas it used to be 

avoid use during those hours of maximum demand during at about 4.30 p.m. it now comes on much later—say at 

which the bulk kW charge is decided. If the times of 7 p.m., when the industrial loads are shutdown. Itisthere- 

station maximum demand do vary and clash with some fore becoming easier year by year for the owners of works 

of these agreements later on, all that one can do is to operating during normal hours to sign, and less risky for 

approach the consumers and ask them to alter their the supply authorities to accept, *'off-peak'* agreements. 

The Authors’ Reply to the Discussions at London, Birmingham, Newcastle, 

, AND Manchester. 

Major E. H. E. Woodward and Mr. W. A. Came I adjusting them where necessary to compensate for any 


{in reply) : We propose to classify our replies to the 
contributions of the various speakers according to the 
subject matter of their remarks. 

Object and. Method of Analysis. 

Mr. Purse questions whether there is any advantage 
to be obtained from a detailed analysis of costs. The 
object of the analysis is to eliminate the necessity of 
making broad assumptions, and to reduce the problem 
under review to a multitude of small items, to some of 
which there is a direct answer and to the remainder of 
which narrower |ind more accurate assumptions can be 
applied. By this method much more accurate results 
can be obtained than by the " usual and simpler" 
methods advocated by Mr. Purse. Moreover, the 
person performing such an analysis is in possession of 
knowledge of the real meaning of such figures as he has 
obtained and of their limitations of application to 
practical problems, and is in consequence less liable to 
be led to false conclusions. 

An important function of an analysis formula is to 
enable costs to be predicted for conditions of load, 
numbers of consumers, etc., differing from those ob¬ 
taining during the costing period, and Mr. Perks suggests 
that more attention might be given to future conditions. 
Under stable (but not necessarily stationary) conditions 
an analysis system based on sound principles should 
produce almost identical formulae year after year, 
changing only gradually as greater efficiency in some 
direction is attained; any considerable and sudden 
variation in the figures should reveal some flaw in the 
system. Actually, however, the figures, more par¬ 
ticularly those relating to capital, are affected from year 
to year by various causes, such as fiuctuations in output 
due to the condition of trade, and the establishment of 
new generating stations or other works, involving heavy 
capital expenditure, which must remain partially 
undeveloped for some years. 

Although in the paper a complete analysis of assumed 
costs for a particular year is given and the results are 
applied directly to the solution of problems, we have 
in practice found it advisable, after making an analysis 
of the actual costs of any year, to make a second analysis 
using the actual cost figures for the year as a basis, but 


abnormal conditions; it is on the formulae obtained from 
the second analysis that problems are worked out. 

Limits of Accuracy. 

The practice of working to five places of decimals is 
criticized as being out of keeping with the general limits 
of accuracy of the analysis. It is done to enable each 
section of the analysis, and finally the totals, to be 
balanced by cross-multiplication and thus to avoid the, 
introduction of possible errors due to misplacement of 
decimals, inversion of numbers, and similar mistakes 
which are liable to be repeated during checking. 

Inclusion of Generation Costs. 

Mr. Fennell and Mr. Purse both suggest that an 
analysis of generation costs is no longer necessary, as 
supply undertakings will shortly be supplied by the 
Central Electricity Board on the “grid" tariff. It 
must, however, be remembered that provision is made 
for station owners in certain instances to obtain their 
requirements at adjusted station costs, and in any case 
so long as generating stations are provided and run by 
supply undertakings a knowledge of generating costs 
will be of importance to them. It is also inevitable that, 
in course of time, changes in fuel and design of plant 
will take place which will necessitate revision of the 
formulae contained in the regulations as to allocation of 
cost of production, and it will be desirable that station 
owners should be able to assist in the consideration of 
the formulae, as they have done in the past. 

Tariffs. 

Points relating to tariffs are raised by many speakers. 
In several instances it is assumed that cost analysis will 
tend to make tariffs more complicated, and in a few 
cases the formulae derived from the analysis appear to be 
looked upon as proposed forms of tariffs, although we 
endeavoured to make it clear in the paper that this is 
not so. 

The use of a system of cost analysis does not carry 
with it any necessity to make tariffs complicated or to 
adopt tariffs which will ensure the same return on capital 
in all cases. lii this connection Mr. Purse accuses us of 
inconsistency, and quotes certain passages in support 
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of this charge; we do not agree that there is any incon¬ 
sistency in our statements if the passages are read in 
their proper context. As stated, the object of the 
analysis is to debit each class of supply with its proper 
proportion of every cost, but this does not mean that 
it is practicable or desirable to adhere rigidly to this 
principle in designing tariffs. 

In our view a knowledge of cost principles is often 
of assistance in simplifying and standardizing tariffs. 
With some classes of load very simple tariffs will, within 
the limits of the particular conditions associated with 
such loads, produce revenue reasonably close to that 
which cost analysis shows to be required. For instance, 
for average colliery supplies a tariff with different unit 
rates for current taken during day hours on weekdays 
and for current taken at night-time and week-ends, 
with some grading for quantity but no charge in respect 


and yet meet the requirements of simplicity when 
applied to a particular consumer. For instance, the 
domestic tariff adopted by the North-Eastern Electric 
Supply Co. is a sliding-scale tariff of the form shown in 
Table C. 

At first sight this system appears somewhat com¬ 
plicated, but an individual consumer is only affected by 
one line of the table and he has a scale of charges in 
a form which he easily understands and one which acts 
on a principle very generally recognized in buying, 
namely a reduction in price with quantity. 

As pointed out by Sir Arnold Gridley and Mr. Hobson, 
a knowledge of cost principles is important when designing 
tariffs, but other knowledge is necessary. There are also 
required experience and common sense, a knowledge of 
the business to be supplied, a grasp of practical con¬ 
siderations such as metering, ability to visualize future 


Table C. 


Number of 
assessable 
rooms 

Units per quarter at (Irf rate) 
per Board of Trade unit 

Next units per quarter at {2nd rate) 
per Board of Trade unit 

Next units per quarter at (3rrf rate) 
per Board of Trade unit 


Mar. 

June. 

Sept. 

Dec. 

Mar. 

June 

Sept. 

Dec, 

Mar. 

June 

Sept. 

Dec. 

4 or less 

32 

16 

16 

32 

26 

13 

13 

26 

500 

250 

250 

500 


5 

38 

19 

19 

38 

30 

15 

15 

30 

550 

275 

275 

550 


6 

50 

25 

25 

50 

40 

20 

20 

40 

600 

300 

300 

600 


7 

64 

32 

32 

64 

52 

26 

26 

52 

650 

325 

325 

650 


8 

82 

41 

41 

82 

66 

33 

33 

66 

700 

350 

350 

700 

All in excess 

9 

102 

51 

51 

102 

82 

41 

41 

82 

750 

375 

375 

75(r 

at (Uh rate) 

10 

122 

61 

61 

122 

98 

49 

49 

98 

750 

375 

375 

750 

per Board 

11 

142 

71 

71 

142 

114 

57 

57 

114 

750 

375 

375 

750 

of Trade 

12 

162 

81 

81 

162 

130 

65 

65 

130 

750 

375 

375 

750 

unit 

13 

182 

91 

91 

182 

146 

73 

73 

146 

750 

375 

375 

750 


14 

202 

101 

101 

202 

162 

81 

81 

162 

750 

375 

375 

750 


15 or more 

222 

111 

111 

222 

178 

89 

89 

178 

750 

375 

375 

750 



of demand, appears to follow cost quite reasonably. 
Clearly, such a tariff is entirely different in form from the 
formulae obtained from cost analysis. 

Mr. Digby refers to the tariff used on page 890 in the 
specimen Form 1, but we did not intend its use there to 
be taken as a recommendation for its general adoption. 
It used merely to fill in with figures the spaces 
provided in the form for various charges. ^ 

In aiming for simplicity iu tariffs it is necessary to 
distinguish between simplicity from the point of view 
of the consumer and from the point of view of the 
supplier. There is no real objection to a considerable 
number of tariffs, and, as Sir Arnold Gridley points out, 
there are sometimes advantages in alternative tariffs. 

The supplier, with his special knowledge, is able to 
co^e with whatever difficulties a variety of tariffs 
introduces on his side. The consumer requires a tariff 
which is simple and easily understood when applied to 
his particular case, and this is, more readily obtained by 
the adoption of a reasonable number of different tariffs 
or various uses or classes of consumers than by attempt- 
of to find one all-embracing tariff. Even a tariff for one 
s of consumer may appear complicated as a whole 


conditions, and, above all, an understanding of the 
consumer's point of view. 

Mr. Bolton, Mr. Bernard, and Mr. Blaikie, refer to the 
question of variation in the charge per unit included in 
any two-part tariff, and the question is also raised why 
there should be any reason for such a variation in the 
case of supplies for domestic purposes or shops. If it 
is correct to express costs as a cost per consumer, a cost 
depending on demand, and a cost per unit, a theoretical 
tariff would have to include a charge in respect of 
demand, besides a fixed charge and a unit charge. In a 
two-part tariff containing only a unit charge and a fixed 
charge depending on rateable value, number of rooms, 
fioor area, or some such factor, the fixed charge can be 
chosen so as to cover the cost per consumer plus the 
demand Copt equivalent to some assumed demand. 
The actual effective demand is not, however, a constant 
for a consumer with any particular size of house or shop, 
but increases with the consumption—though not usually 
proportionately. It is not practicable to arrange for the 
fixed charge to correspond to the highest demand which 
may be made, as if this were done a smaller user would 
be unduly penalized. The fixed charge must therefore 
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usually be so chosen as to cover only the demand likely 
to be made by a comparatively small user, and the 
additional costs entailed by an increase in demand must 
be recovered from the unit charge. The amount to be 
added to the theoretical cost per unit on this account is 
naturally dependent on the increase in the effective 
demand entailed by increase in consumption. 

For shop lighting the increase in demand for a given 
increase in consumption differs from the increase in 
demand for a similar increase in consumption in the case 
of general domestic supplies; and in the case of domestic 
supplies the earlier increases in consumption, such as 
are brought about by a higher standard of lighting, 
usually bring with them greater increases in effective 
demand than increases further along the scale, which 
usually correspond to load used to a considerable extent 
when other load is low. 

Capital Expenditure, 

Mr. Sayers, Mr. Cooper, Mr. Bolton, and Mr. Salt, 
refer to the manner in which capital expenditure is 
dealt with, that is by leaving it in the form of the amount 
of capital expenditure per kW (or per kVA) and per 
consumer, instead of resolving it further into an annual 
charge to cover interest and depreciation. There is, of 
course, no difSculty in adding a further column to the 
sheets of the analysis which deal with capital expenditure 
and expressing each item as an annual charge, taking 
such rates for interest and depreciation as may be 
appropriate to it. We have found, however, that in most 
applications of ^he analysis the figure required is the 
amount of expenditure, and the analysis was therefore 
left in this form, the further calculation being made 
when required. Where the figures derived from analysis 
are used for th^ purpose of deciding whether a particular 
supply is profitable, we think that a figure representing 
the percentage return on the capital expenditure involved 
generally gives a clearer picture of the position than one 
which shows the profit or loss remaining after allowing 
for interest and depreciation charges at certain rates. 
We agree, however, that this is merely a question of 
individual preference, and that from the point of view 
of a municipal undertaking the other method may be 
more useful. 

In reply to Mr. Marshall, undeveloped capital ex¬ 
penditure is included in the capital figure in the analysis 
because the charges on this have to be met. Where 
the amount of such expenditure exceeds normal, how¬ 
ever, an adjustment is made as explained on page 905, 

Depreciation Charges, 

We have studied Mr, Cooper's contribution to the 
discussion with much interest, particularly his remarks 
dealing with depreciation. He is among those who 
criticize our method of expressing profit a,s a return on 
capital expenditure. We are in agreement with his 
remarks to the extent that this method only indicates 
whether a supply is profitable or not, provided knowledge 
is available of the percentage required to meet depre¬ 
ciation charges in each case. We are, however, very 
doubtful as to the accuracy with which such percentages 
can be obtained by the adoption of assumed lives for 
<iif^erent assets, in view of the many varying and un¬ 


certain factors which bear on the subject; we are inclined 
to the view that for practical purposes it is more satis¬ 
factory to take an overall figure based on past experience 
of the provision which it has actually been found desirable 
to make. 

Power Factor, 

Mr. Bolton suggests that the expenditure on generating 
stations should be divided between those parts which 
are influenced by power factor and those which are not. 
We are in agreement with this, and consider that the 
analysis could be improved by taking account of power 
factor in each step of the process of analysis. It would 
not be difficult to extend the analysis to take account of 
power factor at times of maximum load, but it would be 
less easy to allow for the effects of power factor on 
generating efficiency at other times. 

Mr. Minshull asks whether we have come to any 
definite conclusion as to the most satisfactory method 
of inducing consumers to take their supply at a reasonably 
high power factor. In our experience the only way of 
doing so is by an adjustment in price depending on 
power factor; but we are unable to recommend any 
particular method of adjustment which is applicable to 
both two-part and flat-rate tariffs and is satisfactory 
under all conditions. 

Losses. 

Mr. Sayers's contribution to the discussion, and also 
his paper on Electricity Supply Tariffs,"* give an able 
and comprehensive view of the involved subject of losses. 
He rightly points out that by dividing the generating 
running costs by the units sold the true cost per unit at 
the generating station is not obtained, and he advocates 
charging the cost of generating units lost in trans¬ 
mission as a transmission cost. We are not unmindful 
of the points he raises, and we have in the past com¬ 
piled an analysis of costs in such a way that the costs 
per unit and per kW were built up step by step from 
generation through high-voltage transmission and low- 
voltage distribution to the consumers' terminals. This 
analysis proved instructive, but extremely inconvenient 
to use in practice. For the purposes for which the 
analysis is required, the method of dealing with losses 
by using units delivered as the divisor is convenient and 
makes allowance for the average losses for each group. 
The whole question of losses is connected with power 
^factor and " form factor," and their allocation between 
different consumers supplied over common cables is very 
complicated unless the principle of averaging is accepted. 
As an example of the simplest case, consider a new 
consumer requiring a load of a? amperes over a cable 
already loaded to y amperes; the copper losses involved 
in supplying this consumer will be proportional to 
(a? + y)^ — i.e. to + 2 aj 2 /; thus the losses allocated 
against this consumer include a proportion of losses 
dependent on the load already taken by other consumers. 
If, on the other hand, the losses are to be divided amongst 
the consumers, then the addition of eveiry new consumer 
will require an increase in the losses allocated to the 
already-existing consumers supplied over the same cable. 
We therefore advocate working to averages for general 

• Journal LE.E,f 1926, vol. 63, p. 850. 
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problems, and only in special cases considering the 
problem in detail. 

Diversity. 

We agree with Mr. Swale that there is a possibility of 
confusion unless a definition is given of what is meant 
by diversity factor. The diversity factor to which we 
referred in the paper is the one most commonly used 
in this country and is the sum of the individual loads 
divided by the resultant load. There are other systems 
in use, notably on the Continent, where a factor is 
arrived at in an entirely different manner. As stated in 
the paper, the question of losses must be taken into 
consideration either by means of a separate efficiency 
factor, or, where convenient, by a combined factor 
taking account of diversity and efficiency. 

Mr. Rissik asks how diversity factor is taken into 
account in arriving at the effective demands. In the 
case of the Group C consumers the method used is to 
determine what is called in the paper “ the effective 
demand '' for each type of consumer in this class. This 
demand is obtained by superimposing individual load 
curves as explained in Appendix VII, and from the 
resultant curve determining the effect of the load under 
review on the maximum loads on the low-voltage dis¬ 
tribution network and the high-voltage system respec¬ 
tively. The effective demands thus take account of 
diversity, and as the method is equivalent to the .em¬ 
ployment of a separately-ascertained diversity factor for 
each different type of consumer, it avoids the necessity 
of using average and arbitrary values. 

Mr. Rissik also inquires as to the method of obtaining 
the following figures for the kW demand on power stations 
due to each group, which appear in Appendix IV:— 

Group A, 4 800; Group B, 34 500; Group C, 15 200; 
total, 54 500. 

The total figure, of course, is known, and as the 
Group A load is made up of only a few consumers, each 
taking a steady load, it can be ascertained without undue 
labour. The Group C load is made up of a large number 
of low-voltage networks, and the maximtim load of 
each during the winter months is known. The greater 
proportion of these networks can be allocated to one of 
the three following groups, {a) City networks, where 
offices, small power consumers, and main-street shops 
predominate, giving a load curve with a maximum 
between 3 p.m. and 5 p.m. and falling rapidly after 
5 p.m. (5) Town networks, with a somewhat lateik 
peak—from 5 p.m. to 6 p.m. (c) Residential networks, 
where the maximum load is reached still later. For 
each of the groups {a), (5), and (c), typical load curves 
^e available, and the average proportion of their 
individual maximum load which is incident on the 
power stations at the times of heavy load is known; 
their combined effective demand on the power stations 
can thus be calculated, after making an allowance for 
losses. Such networks as do not fall within any of the 
above groups are considered individually and their 
effective demand on the power stations is estimated. In 
this way a fairly accurate figure is obtained for the 
demand on power stations due to low-voltage networks. 
The demands due to Groups A and C having been arrived 
at, the demand due to Group B is obtained by sub¬ 


traction. A comparison of this demand with the sum 
of Group B consumers' maximum demands enables an 
average diversity factor to be calculated for this group; 
due allowance must, of course, be made for losses in all 
the above calculations. 

Although an average diversity factor for Group B 
consumers is of service in the consideration of general 
problems, such as predicting loads in different areas, 
it cannot be correctly applied to a particular type of 
consumer within the group. The diversity between 
Group B consumers is to a minor extent due to variations 
in shape of the daily load curve, and to a much greater 
extent to seasonal variations and to trade conditions 
which vary from year to year and detract from the value 
of any purely theoretical calculations of the diversity 
factors of such consumers. 

Mr. Bolton suggests that the diversity varies inversely 
as the load factor, and that by a suitable transfer from 
the kW charge to the unit charge an allowance can be 
made for diversity; we referred to this on page 857, 
stating that By choosing a suitable increase to the 
unit charge a reasonable corrective for the elitect of 



Fig. C. 

varying diversity can be automatically obtained for a 
particular class of consumer, but the amount of increase 
so required varies with different classes." The latter 
half of this statement requires emphasis, as it is only 
between certain limits that the diversity varies inversely 
^ the load factor. The curve shown in Fig. C gives an 
indication of the diversity that may be expected between 
power consumers with various load factors. 

As the load factor increases to 25 per cent or there¬ 
abouts the diversity falls rapidly. A load factor of 25 to 
30 per cent represents manufacturers normally working a 
reguto 8-hour day, the diversity between whom is com¬ 
paratively small. Further along the scale come consumers 
working a greater number of hours per day, such as col¬ 
lieries (some with maximum demand at night-time), caus- 
ing the diversity to become higher again before falling 
to unity at 100 per cent load factor. The logical out¬ 
come of this in relation to demand and unit tariffs is 
the provision of separate tariffs for consumers whose 
load factors fall respectively within the ranges A, B, C, 
and D, shown in Fig, C, the proportions of the total 
charge allocated to the demand and the unit parts 
respectively differing in each case. When the load 
factor is below 20 per cent or so, and the diversity is 
more or less inversely proportional to the load factor, 
the whole of the charge can be expressed as a charge per 
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unit within reasonable limits of accuracy. It was for 
this reason that we suggested that in the case of small 
power supplies from low-voltage networks a simple 
sliding-scale unit tariff was probably more correct from 
a cost point of view than a two-part tariff in which one 
of the charges is based on demand, kilowatts connected, 
rateable value, or some such factor. 

Generation. 

Mr. Blaikie suggests that it would be more correct to 
divide fuel into three parts: {a) a portion independent of 
either kW or units, (6) a portion varying with kW, and 
(c) a portion varying with units. He supports this with 
results obtained from Parsons lines, derived from his 
own observations, and suggests the formula 

Total cost of fuel = .4 + (B x kW) + (C x kWh) 

We agree that this gives a more correct representation 
of actual conditions in any one station and is preferable 
to dividing fuel into two parts only, when considering 
problems relating to fuel consumption, the effect of 
variation of station load factor, etc. We suggest, 
however, that such a formula does not cover the case 
where growth of load necessitates the provision of 
additional generating stations, or the bringing into 
service of additional sections of a station. For instance, 
supposing the load (i.e. kW) to be doubled and the 
addition supplied by the provision of two such generating 
stations instead of one, the total cost of fuel would be 
2[A + {B X kW) + (0 X kWh)]. The constant A has 
now increased in^ the same proportion as the kW. In 
any case, for the purposes of cost analysis the fixed 
portion A has to be allocated to the groups on some 
basis, and the one adopted in the paper, i.e, respective 
demands, appears the most suitable. 

Miscellaneous. 

In addition to the subjects commented upon by 
several speakers and replied to above, various other 
points are raised. 

Mr. Hobson asks for further details of the principles 
adopted in deciding whether a particular item of cost 
is to be allocated as per consumer or per kVA. In the 
first instance, the allocation is made on whatever appears 
the most logical basis. Some items of cost in respect of 
a particular group, such as the reading of meters, and the 
preparation of consumers' accounts, are clearly governed 
by the number of consumers within that group rather 
than by considerations of demand. The same is held 
to be true of the costs incurred in respect of the members 
of the staff, comprising what are referred to as the 
•consumers’ departments. For instance, the duties of 
certain members of the staff may be to attend ex¬ 
clusively to the smaller power consumers, and in this 
case the number of such staff required is closely dependent 
upon the number of consuniers of this t 5 pe. The costs 
of such staff are therefore allocated as a charge per 
consumer against this particular class of consumer. 
In other cases an item of cost may appear to depend to 
.some extent, but not in its entirety, upon the number 
of consumers. In such cases the principle adopted by 
-the authors is to subdivide the item into smaller com¬ 
ponents, continuing the process until each individual 


component can be logically allocated. From time to 
time an approximate check of the correctness of the 
allocation of a particular item can be made by comparing 
any increase in the total amount of the item with growth 
in number of consumers and growth in demand. 

Mr. Sayers questions the correctness of allocating 
rates between the three main groups on the basis of 
the capital expenditure allocated to the groups. Our 
argument for doing so is that, in so far as rates are 
not dependent on capital values, they are approximately 
a function of profit, and, assuming an equal return on 
capital from each group, the profit will be proportional 
to the capital expenditure. 

Mr. Cooper points out that interest on coal stocks is 
not shown in the example of the analysis, although 
reference is made earlier in the paper to its inclusion as 
a charge under generating costs. With a view to keeping 
the example within reasonable length, several items 
were not shown separately in it, but were incorporated 
with other similar items. 

Mr. Bolton suggests that some small part of the 
distribution working expenses would be more correctly 
treated as a charge per unit, and we are inclined to 
agree with him in this. We do not, however agree that 
there is ground for accepting proportions similar to those 
used for generation (excluding fuel), and we consider 
that further investigation might be profitably directed 
to this point. 

Mr. Rissik asks for further explanation of the expression 

half diversity factor.” What we meant was that the 
average diversity factor required for transmission is 
between unity and the diversity factor (say, D) at the 
consumers’ end of the line. We therefore used a diversity 
factor equal to (1 -f D). 

Mr. Rissik also asks how in Table 8 it is possible for 
the effective demand on the low-voltage network to be 
higher than the effective demand on the high-voltage 
network. This position arises where supply is given 
from a low-voltage network on which the maximum 
demand occurs during the evening, and the average 
maximum demand of the supply in question occurs after 
the high-voltage-system load has fallen to a com¬ 
paratively low value. 

Mr. Hird suggests that the method of charging small 
consumers of the slot-meter type a fixed sum irrespective 
of consumption receives support from the figures derived 
from the analysis, as the cost of the additional con- 
mmption likely to be taken under such a method of 
charge would only be 0*208d. per unit. This is not 
correct, as an increase in consumption brings with it a 
decrease in diversity and an increase in effective demand. 
The cost of the increased consumption will therefore 
include the cost arising from an increase in the effective 
demand as well as the cost arising directly from increased 
■.units. 

Mr. Sayer inquires a,s to the floor area of the premises 
dealt with in Figs. 3 to 11. We regret that we are 
unable to give these particulars, as a tariff based on 
floor area has not been en^ployed in connection with 
houses by the undertaking with which we are associated, 
and figures of area are not available. 

Mr. Rawll asks what t 5 q)e of domestic water-heater is 
used in the premises to which Fig. 11 relates. The 
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water heaters installed are of the hand-operated t 3 rpe 
incorporating a 3-heat switch, the maximum loading 
being 3 kW. The capacity of the tanks in question is 
20 gallons, and the arrangements are such that alterna¬ 
tive heating is provided by the kitchen fire. 

Mr. Scotson draws attention to the comparatively 
small difference in annual consumption between the 
premises referred to in Figs. 4 and 7. It should be 
explained that Fig. 7 refers to a considerably larger 
type of house, where much more energy is used for 
lighting purposes, and the difference between the two 
consumptions does not give the consumption arising 
from the connection of cooking and heating load. It is 


apparent that the use made of the electrical equipment 
in the Fig. 4 houses is by no means full, but the curve 
is typical, being the average obtained from a con¬ 
siderable number of houses. 

Mr. Swale asks whether the statistical department is 
responsible purely for the figures and records needed for 
the cost analysis. In the case of the undertaking with 
which we are associated this duty is only a small part 
of the work of the department, the activities of which 
extend in many other directions. In reply to his question 
regarding the expression per kW of power connected " 
used in Table 8, the figures given are calculated on the 
basis of horse-power multiplied by 0*746. 
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THE ELECTRIFICATION OF THE SUBURBAN AND CERTAIN MAIN-LINE 
SECTIONS OF THE GREAT INDIAN PENINSULA RAILWAY. 

By F. Lydall, Member. 

(Paper first received Wth February and in final form lUh Mafch, 1932; read at a Joint Meeting o/The Institution and 

the Institute of Transport 28/^ April, 1932.) 

Summary. . Aggregate capacity of substation 


The paper gives a general account of the suburban and 
main-line electrification scheme on the Great Indian Penin¬ 
sula Railway. The first portion sets out the circumstances 
under which the scheme was initiated, the principal reasons 
for the decision to electrify the surburban and the main-line 
services, the actual and anticipated traffic, and the general 
programme of carrying out the work. 

The second portion deals with the local conditions which 
determined the design of a good deal of the plant and 
apparatus. This is followed by brief references to special 
points in the installation and . design of the multiple-unit 
trains, electric locomotives, track equipment, bonding, sub¬ 
stations, transmission system, power station, locomotive 
shops and car sheds, and system control. Such information 
as is available is given as to the capital cost of the complete 
scheme. 

The last two sections contain a number of statistics of 
operation and notes of operating experience, and the paper 
concludes with an Appendix in which are given for reference 
the names of contractors and principal sub-contractors, and 
the technical partibulars of the plant supplied and installed. 


„ Introduction. 

Descriptions have already been published of various 
elements of this electrification scheme, and a certain 
amount of general information has been given by the 
Press in notices of the official openings of the different 
stages. As, however, this electrification is second only 
in extent in the British Empire to that on the Southern 
Railway, and is in some ways the most comprehensive, 
it is thought that a general account of the scheme, with 
some comments on the various technical questions in¬ 
volved and a few particulars of operating experience, 
may be of interest in more than one direction. 

A few figures will give an indication of the extent and 
general characteristics of the system. 

Route mileage of track equipped 181*4 miles 

Length of single track equipped, 

including sidings .. . * • 671 miles 

Number of suburban motors 

coaches.. .. w. .. 63 

Number of suburban tiailer- 

coaches.. .. .. .. 163 

Number of freight locomotives.. 

Aggregate horse-power of freight 

locomotives .. .. .. lOfiCOOh.p. , 

Number of passenger locomotives 24 

Aggregate horse-power Of pas¬ 
senger locomotives . . . , 61 990 h.p. 

Number of substations ,. . . 16 


plant.. 100 000 kW 

Length of 100 000-volt transmis¬ 
sion lines . 272 miles 

Equipment of power station .. 4—10 000-kW sets 

and .. 6—60 000-lb. boilers 

Bombay, a city of about IJ million inhabitants, is 
situated mainly on Bombay Island, which contains in 
the south the Fort, now the principal business quarter, 
the higher-class residential area, the bazaars and the 
poorer-class quarters, and in the north the suburbs. 
Between Bombay Island and the mainland lies Salsette 
Island, which contains the more remote suburbs and a 
large undeveloped area (see Fig. 1). 

Bombay is served by two railways, the Great Indian 
Peninsula and the Bombay, Baroda and Central India. 
Both deal with a heavy suburban trafiSc, consisting 
mainly of passengers travelling to the termini in the 
morning, and out to the northern part of the city and 
the surburbs in the evening, and with important long¬ 
distance passenger and goods traffic. The G.I.P. Rail¬ 
way provides a connection with Northern and Central 
India via the North-Eastern main line, and with Southern 
India via the South-Eastern main line. Both these lines 
have to negotiate the escarpment which runs roughly 
parallel to the coast about 40 miles inland, known as the - 
Western Ghats, or, more usually in Bombay, the Ghats. 
This escarpment consists of a sudden rise from the coastal 
plain to a plateau about 2 000 ft. above sea-level. The 
Ghat section on the North-Eastern line is called the 
Thull Ghat, that on the South-Eastern line the Bhore 
Ghat. On both sections the ruling gradient is 1 in 37. 
The plan and profiles of the lines included in the scheme 
are shown in Figs. 1 and 2. 

Initiation of Scheme. 

The initiation of this electrification development dates 
back to 1913, when a report was prepared by Messrs. Merz 
and McLellan on the application of electric traction to the 
suburban lilies of the two railway companies, and to the 
lines of the Bombay Port Trust. This was followed in 
January 1914 by a report to the G.I.P. Railway Co. on 
the electrification of the main lines between Bombay 
and Igatpuri at the top of the Thull Ghat, and between 
Bombay and Poona, which includes the Bhore Ghat. 

Before any action could be takefi on these reports, 
the war put aside all such questions; but at the request 
of the G.I.P, Railway Go. a further report was prepared 
in 1919 which dealt not only with the suburban lines but 
also with the electrification of a considerable portion of 



912 LYDALL: ELECTRIFICATION OF SUBURBAN AND CERTAIN MAIN-LINE 


the North-Eastern main lines, comprising in all 1 023 
route-miles. Following prolonged discussions between 
the Government of India, the Government of Bombay, 
and the Railway Co., sanction was given in August 1922 
to the electrification of the harbour branch and the 
Mahim Chord (see Fig. 1) as a first instalment of the 
suburban scheme, and about a year later the conversion 
of the rest of the suburban zone, including the lines 
from Kurla to Kalyan, was approved. In February 


were issued in December 1925, and for the power station 
in April 1926. 

Completion Dates. 

The opening of the first stage of the suburban electri¬ 
fication, coincident with the inauguration of the newly 
constructed extension of the harbour branch to the 
Victoria Terminus, was marked by an official ceremony 
on the 3rd February, 1925, attended by Sir Leslie 
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Fig. 1. General plan of Bombay and district, showing lines included in the complete scheme. 


1924 the consulting engineers presented another report 
con^ning a revision of the estimates relating to the 
main lines between Bombay and Igatpuri and Poona, 
on the basis of up-to-date statistics of traffic. These 
estimates were considered by the Railway Board under 
Sir Clement Hindley, the Chief Commissioner of Railways, 
on the appUcation of the Railway Co., in the early part 
of 1925. and vrere forwarded in April to the Secretary of 
State wi^ a recommendation that the scheme should 
be sanctioned. On the sanction being given, indents 
for the necessary plant (excluding the power station) 


Wilson, the Governor of Bombay, and Sir Clement 
Hindley, representing the Government of India. Suc¬ 
ceeding stages were changed over from steam to electric 
working as the equipment of the line was ready, and the 
coaches were delivered. The electric service between 
Bombay and Poona was officially started by Sir Leslie 
Wilson s successor. Sir Frederick Sykes, on the 5th 
November, 1929, and a year later all traffic between 
Bonibay and Igatpuri was taken over by electric loco¬ 
motives; so that by the end of 1930 all steam working 
apart from that of a few shunting locomotives in the 




SECTIONS OF THE GREAT INDIAN PENINSULA RAILWAY 














914 LYDALL: ELECTRIFICATION OF SUBURBAN AND CERTAIN MAIN-LINE 


goods yards and at Victoria Terminus, had been eliminated 
from the Bombay-Igatpuri-Poona sections. 

Purpose of Electrification; Suburban and Main- 
Line Traffic. 

As will be readily understood, the purpose in view in 
electrifying the suburban services was quite different 
from the object aimed at in converting the main lines. 
In the period immediately after the war the housing 
problem in Bombay was acute; rents in the city were 


Table 1. 

Forecast of Traffic on Suburban Lines, excluding the 
Harbour Branch, 


Date 

Estimated total 
number of 
passengers to be 
carried daily 

Estimated 
number in the 
two rush 
periods 

Train mileage 

Trains in 
each 
direction 
per hour 
during rush 
periods 

1927 

74 863 

16 467 

1 646 332 

10 

1932 

103 388 

22 745 

2 121015 

15 

1937 

144 478 

31735 

2 758 487 

20 


high, and the sites for the erection of new dwellings 
limited. The Bombay Municipality, therefore, found it 
necessary to consider what steps could be taken to 
spread the population, and, amongst other schemes, 
decided to encourage the development of the suburbs. 


to join the main line. It was clearly impracticable to 
operate an intensive suburban traffic on gradients such 
as this by steam locomotives, and this was one of the 
reasons which led to the electrification of the whole of 
the suburban services. 

It was estimated that by 1931, or shortly afterwards, 
206 000 people would be housed on estates catered for 
by the harbour branch, and that a train service of at 
least 20 trains pe'r hour during the morning and evening 
rush-hour periods would be necessary. For the suburban 
lines, excluding the harbour branch, estimates based on 
the normal increase in passengers during the previous 
five years plus the anticipated traffic from the develop¬ 
ment schemes, and on the assumption that 22 per cent 
of the passengers would be carried during the rush 
periods, gave the figures in Table 1. 

Growth of Suburban Traffic since Electrification. 

The figures in Table 2, taken from the annual reports 
of the Railway, show that although the traffic has 
increased, the rate of growth has not come up to 
expectations. 

It may be of interest to consider the reasons for the 
growth of traffic being less than was anticipated. It 
is, of course, well known that India in general, and 
Bombay especially, have felt the effects of the world¬ 
wide trade depression; but even while other countries 
were doing well, Bombay was not, contrary to expecta¬ 
tions, expanding its general volume of trade. This is 
shown by the statistics in Table 3. 


Table 2, 


Particulars of Suburban Traffic following Electrification. 


Year 

Harbour branch 

other suburban lines 

r 

All suburban linos 

Train-miles 
per day 

Passengers 

Passengers 

Passengers 

1st April, 1924, to 31st January, 1926 . . 
February and March 1925 

April 1923 to March 1926 .. .. ” | ^ 

April 1926 to March 1927 .. .. !! 

April 1927 to March 1928 .. .. .! .' 

April 1928 to March 1929 .. . . .. . i 

April 1929 to March 1930 .. .. !. ' i 

April 1930 to March 1931 .. .. [. ] i 

79 

421 

740 

2 612 

2 787 

1 945 
! 2 335 

208 114 1 
668 390 J 
4 844 244 

13 571 273 

18 434 421 

17 305 806 

17 878 967 

24 729 267 

23 408 268 
' 18 226 078 

14 586 849 

14 191 410 

16 045 428 

25 606 771 

28 252 612 

31 797 351 

33 020 270 

31 497 216 

32 924 395 
311.59 675 


especially those in the south of Salsette Island. For this 
reason the proposal of the G.I.P. Railway to introduce 
electric working on their suburban lines was sirongly 
Mpported by Sir George Lloyd (now Lord Lloyd), the 

Governor of Bombay, and by the Municipality. 

The first step was to construct a connection from the 
south end of the existing harbour branch at Reay Road 
to the terminus. This coimection was only practicable 
by taking the new part of the Une overhead on a series 
of ^onry arches and steel viaducts until it crossed the 
line ll. 'miles north of the terminus. From this 
point the line descends by a curved gradient of 1 in 34 


Incidentally the statistics of yarn spun in Ahmedabad 
during the yeaxs 1923 to 1930 axe relevant in this con¬ 
nection. They also are given in Table 3. 

The static condition of trade in Bombay led to a 
slackening in the demand for suburban development. 
The population was naturally reluctant to move out to 
the suburbs so long as accommodation of almost any 
kind was available close to the working quarters, and the 
congestion has not so fax reached such a pitch as to 
force any considerable outward movement. While it is 
always dangerous to prophesy, it seems certain that more 
settled conditions in India generally, the recovery of 
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trade, the natural growth of the population, and the 
possibility of development in only one direction, will, 
in due course, result in a more rapid growth of the trajB&c 


Thus it is easy for Poona residents to spend the day in 
Bombay without an uncomfortably early start or late 
return. 


Table 3. 


Statistics of Trade in Bombay and Ahmedahad. 



1923-24 

1924-25 

1925-26 

1926-27 

1927-28 

1928-29 

1929-30 

Value of trade of Bombay Port, rupees x 10^ ., 



304 

245 

251 

257 

237 

Yam spun in Bombay Island, lb. x 10® 

270 

327 

262 

345 

319 

154 

263 

Yam spun in Ahmedabad, lb. x 10® 

76 

92 

103 

106 

111 

117 

136 


on the Bombay suburban lines, which will be greatly 
facilitated by this electrification scheme. 

Reasons for Electrifying the Main-Line Sections. 

The reasons for electrifying the main lines to Igatpuri 
and Poona were quite different. A substantial addi¬ 
tional revenue was hoped for from the improvement in 
the passenger service between Bombay and Poona, 
though no account was taken of this in the financial 
estimates of the scheme. Poona, which is 119 miles 
by rail from Bombay, is not only an important town in 
the military organization of India, being the head¬ 
quarters of the Southern Command, but is also the 
headquarters of the Government of the Bombay 
Presidency duriiijg the spring and autumn. There is, 
therefore, a very considerable passenger traffic between 
Bombay and Poona at all times of the year, and in 
addition there are a number of race specials during the 
Bombay racing season between the middle of January 
and the middle of March, and during the Poona racing 
season between the end of July and the beginning of 
October. 

Before the completion of the railway up the Ghat, 
transport between Bombay add Poona was carried on 
mainly by carriages and carts, the journey taking about 
24 hours. In 1863 the railway lines were taken up over 
the Ghat, the Ghat section being 16 miles long and 
including one reversing station. On completion of this 
section, the time to reach Poona was reduced to 6 hours, 
and more recently to 3| hours for mail trains. In 1925, 
about the same time as the electrification scheme was 
sanctioned, approval was given to the construction of a 
new alignment eliminating the reversing station. This 
new alignment is 2«11 miles in length, and includes 
three tunnels aggregating 4 698 ft. in length with a 
section 34 ft. 6 in. wide by 24 ft. 6 in. high, which is 
believed to be the largest tunnel section in the world. 

As a result mainly of electrification, and partly of the 
elimination of the Ghat reversing station, the time from 
Bombay to Poona has been reduced to 21 hours, which 
includes stops at the bottom and top of the Ghat section 
to attach and detach a banking locomotive. This is 
the timing of a new rtain named the Deccan Que^^ 
which has been running once daily in each direction 
since the 1st June, 1930. This train leaves Poona every 
day at 7.40 a.m, and arrives in Bombay at 10.25 a;m;, 
returning at 5.15 p.m, and reaching Ppona at 8.0 p.m. 


This improvement in the timing and the service 
generally, together with the elimination of the steam 
locomotive, especially on the Ghat section on which 
there are altogether 27 tunnels, may reasonably be 
expected in due course, that is, when the present severe 
depression has lightened, to result in an increase in net 
revenue from passenger traffic. Such an increase, 
however, could not be calculated on any definite basis, 
and had to be regarded as one of the beneficial by¬ 
products of electrification. The formal justification 
rested on the calculated reduction in the cost of working 
the passenger and goods traffic on the sections included 
in the scheme. 

Mention has already been made of the two Ghat 
sections, and a few figures as to the cost of steam 
working on them will show what scope there was for 
effecting economies by electrification. On the arrival 
of each passenger train at the station at the top or 
bottom of either Ghat section, the locomotive was 
detached, and the train was taken over the section 
by two special Ghat engines, one in front and one in 
the rear, if ascending, or both in front if descending. 
The train was then taken on by another engine. The 
same method was adopted for all goods trains, except 
that every normal train was first split up into two parts, 
each part being then worked over the Ghat by two 
special engines. The working expenses were necessarily 
high. Thus for passenger trains the locomotive expenses 
per train-mile on the Bhore Ghat (S.E. line) were 2 f times 
what they were on other sections, and on the Thull 
Ghat (N.E. line) 3 times. For the goods traffic the 
locomotive expenses per undivided train-mile were 
4 J times on the Bhore Ghat, and 4; 8 times on the Thull 
Ghat, what they were on other sections. There was 
clearly room for improvement in this direction, especially 
in regard to the goods traffic. Further, not only would 
the locomotive costs be reduced, but also by eliminating 
the breaking-up and remaking of trains at the top and 
bottom stations, there would he a saving estimated at 
Rs. 9 33 000 (£70 000) per annum. 

Forecast of Traffic on Main-Line Sections. 

The foundation on which any electrification scheme 
is worked out consists of the statistics of the traffic on 
the sections considered. Such statistics must be based 
on the recordsbf past years, and it is obviously necessary 
to take into account growth of traffic where such is 
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expected, either as a result of electrification or as due to 
external causes such as increase or movement of popula¬ 
tion or industrial development. The preparation of 
statistics, including the forecast of growth, is naturally 
a difficult matter, and can only be undertaken by the 
officers of the railway, who are continually engaged in 
studying the past records, the current figures, and the 
various factors which affect the conditions of the future. 
How far ahead to look is a debatable question. If 
there is any reason to anticipate a growth of traffic, the 
actual statistics of the traffic at the time when the 
estimates are being prepared cannot be taken as a 
satisfactory basis, either for designing the installation or 
for calculating the financial results. Equally unsuitable 
would be the forecast of traffic for the date when the 
scheme is completed and electric operation starts. It is 
conceivable that a scheme might not be financially 
justifiable on this basis or might show only a moderate 
return, but would be fully justified when dealing with 
greater traffic a few years later. On these grounds the 
Railway Board adopted the principle that any scheme 


traffic for which the scheme had to be designed was 
fairly dense, especially on the Bombay-Kalyan section. 
Thus, assuming that all the main-line traffic on this 
section was carried on two tracks (which is not strictly 
correct, as the two suburban tracks are occasionally used 
for main-line trains), the total annual ton-miles (hauled) 
per mile of single-track running line were, according to 
the forecast, 10 300 000. On the other two sections the 
traffic was lighter, but still fairly dense, viz. Kalyan- 
Igatpuri 6 860 000 and Kalyan-Poona 3 960 000 annual 
ton-miles per mile of single-track running line. 

Traffic on Main-Line Sections since Electrification. 

The actual figures for the year 1934-35 will, of course, 
not be available until the latter part of the year 1935, 
but some idea of the position can be given by quoting 
the returns for the short period since full electrical 
operation started. So far as the passenger traffic is 
concerned, the correspondence with the forecast has 
been affected by the trade depression in consequence 
of which the services were reduced in the year 1930-31. 


Table 4. 


Forecast of Main-Line Traffic in the Year 1932-33 



Bombay-Kalyan 

Kalyan-Igatpuri 

Kalyau-Poona 

Total 

Average number of main-line passenger trains 

per day .. .. 

Passenger train-miles per annum, including 
specials .. #, .. 

Gross ton-miles per annum of goods trains 
(excluding locomotives) .. .... 

Ton-miles per annum for ballasting trains 

46-74 

624 000 

423 380 000 

17 500 000 

19-68 

399 130 

546 130 000 

11 000 000 

27-06 

930 370 

346 640 000 

9 220 000 

1963 600 

1 316 050 000 
, 37 720 000 


put before them should be judged by the estimated 
results based on a traffic forecast for the fifth year of 
electric working, assuming, of course, that they con¬ 
sidered such a forecast to be reasonable. 

For the G.I.P. Railway scheme the forecast of traffic 
was based on the actual statistics for the years up to 
and including 1922-23, the latest figures available when 
the estimates were being prepared. It was assumed 
that the fifth year of electric working would be the year 
1932-33, on the supposition that sanction to proceed 
would be given shortly after the presentation of tl^ 
report in 1924, and that construction would be completed 
during the year 1927-28. Actually, as already stated, 
the indents for electrification plant and material were 
not^ received in London until the end of 1925 and the 
beginning of 1926, and the scheme was not in full 
operation until November 1930; thus, taking the first 
year of electric working as 1939-31, the fifth year will 
be 1934-35. 

Dividing up the total route to be electrified into three 
sections, viz. Bombay to Ealyan where the suburban 
traffic terminates and the line forks north-east and 
south-east, Kalyan to Igatpuri, and Kalyan to Poona, 
toe anticipated volume of passenger, goods, and baUasting 
tram traffic for the year 193^33 was as shown in Table 4 

From toe figures in Table 4 it wiU be seen that toe 


Thus for the five months, September 1930 to January 
1931, inclusive, the main-line passenger traffic was at 
the rate of 1 652 000 train-miles per annum, and for the 
next six months at the rate of 1 555 000 train-miles per 
annum. 

The position in regard to the goods traffic is less 
favourable. At the time when the forecast was pre¬ 
pared there was every reason to anticipate that the 
tonnage of goods traffic into and out of Bombay would 
continue to increase at more or less the same rate as in 
previous years. Unfortunately this anticipation has 
not been fulfilled, partly on account of reasons men¬ 
tioned above, and partly due to the general situation 
in India, which need not be discussed here. For 
the j^ear 1931, which was certainly an exceptionally 
bad year for the railway, the goods ton mileage was 
about 567 000 000. The industrial position at present 
is uncertain, and it is impossible to make a reliable 
estimate of the goods traffic in the year 1934-35, but 
while it is improbable that it will reach the figures in 
the forecast, it can hardly fail to be nearer than it is at 
present. 

General Technical Considerations# 

^ Turning now to the technical aspect of this electrifica¬ 
tion scheme, there are various ways in which toe design 
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and working-out show difEerences of detail when com¬ 
pared with other schemes of similar nature and magni¬ 
tude. These differences had their origin in the circum¬ 
stances of inception, and particularly in the local physical 
conditions. 

As already related, the complete scheme grew out of 
the comparatively small beginning, viz. the electrifica¬ 
tion of the harbour branch for suburban traffic; the 
application for sanction to proceed with the main-line 
scheme was not made until after the start of operation 
on this section. Initially, therefore, the suburban elec¬ 
trification was all-important, and the choice of electrical 
system was based mainly on this condition, with due 
regard to the possibility of future electrification beyond 
the suburban area. It was decided to adopt the 1 500- 
volt d.c. system, and there has since been no reason to 
regret that decision. Later, when the designs for the 
main-line scheme were under consideration, it was 
decided to continue with the same system, although it 
would have been possible to raise the voltage on the 
sections beyond the suburban area to 3 000 volts. If 
electric working on the Ghat sections had been the only 
consideration, there might have been, and under present 
conditions there probably would be, some advantage in 
adopting the higher voltage, as the power demand per 
train on these sections is near the limit of practical 
operation at 1 500 volts. As, however, there was no actual 
necessity to work at a higher voltage, the advantage of 
using the lower pressure on other sections, and the 
simplification arising from a uniform system throughout 
the complete electrification scheme, provided ample 
justification for deciding on 1 500 volts for the main lines. 

This leads to a general remark on the importance in 
this electrification scheme of reliability of operation. So 
far as the sul5urban services are concerned, it must be 
admitted that an occasional delay is not such a serious 
matter to the majority of Indian passengers as it would 
be to daily travellers in this country, though this, of 
course, does not imply that the railway is satisfied with 
any performance below the best obtainable. In regard 
to the main-line traffic, on the other hand, it must be 
remembered that Bombay is the gateway of the East, 
from which overseas mails and passengers, official and 
unofficial, are carried to all parts of India. A train 
failure on the electrified sections is coniparable in impor¬ 
tance with a failure on the Euston—Rugby section of the 
London, Midland and Scottish Railway, or the King*s 
Cross-Grantham section of the London and North 
Eastern Railway. Reliability of operation is therefore 
the first consideration, and this accounts for certain 
special features in the design of the system and of the 
locomotives in particular, to which reference is made 
below. 

In a general way the local conditions are fairly well 
known. Bombay is in the tropics, the average tempera¬ 
ture is fairly high, and the humidity very high all the 
year, and during the monsoon period from the middle of 
June to the middle of September the rainfall is very 
heavy. Conditions change, however, as one leaves 
Bombay and its immediate neighbourhood; the maxi¬ 
mum temperature is higher and the minimum lower, 
and apart from the monsoon season the humidity is much 
lower. As one approaches the Ghats the rainfall in the 

^ VOL.' 71. 


monsoon increases, and in the dry season the tempera¬ 
ture variation is greater, with a minimum of 40° F. and 
a maximum sun temperature of 130° F. From the top 
of the Bhore Ghat to Poona the monsoon becomes 
gradually less important, and at Poona the rainfall is 
not much greater than in this country. 

In other respects the local conditions are special and 
peculiar, arising from fioods, birds, and insects. Bombay 
is a low-lying island and, under certain conditions of 
wind and tide, fiood-water from heavy rainstorms cannot 
drain away. Certain parts of the railway, especially 
about one to two miles from the terminus, are liable to 
fioods, which on occasion rise to a level 2 ft. 6 in. above 
the top of the rails. To meet this condition, special 
provision was made in the design of the motors, and the 
equipment of some of the suburban trains to enable them 
to run through the floods without damage. 

Birds in many countries are a source of danger ta 
overhead transmission lines. In and around Bombay 
the flying fox has sufficient spread of wing, with each 
wing-tip shaped in the form of a hook, to cause occa¬ 
sional short-circuits on 20 000-volt lines. Accumula¬ 
tions of bird droppings on the sheds of suspension insu¬ 
lators give rise to flash-overs from time to time on the 
100 000-volt lines. A much more prolific source of 
trouble in the early days of electric operation was the 
propensity of crows in and near Bombay to build nests* 
of iron wire, and their special predilection for the braced 
corners of the overhead-line structures as convenient 
positions for the nests. It is related that one such nest 
was built of metal spectacle frames which had been 
purloined by a crow from an open shop-window. For 
the making of these nests during the nesting season, 
the crows fly about with lengths of wire in their beaks, 
sometimes 3 or 4 ft. long. Such pieces of wire in the 
neighbourhood of live overhead lines are obviously very 
objectionable. It was hoped that the crows after one 
or two seasons would become sufficiently educated to 
keep clear of live lines when carrying wire, but this hope 
has not been realized. Special features introduced into 
the design of the track equipment have successfully dealt 
with this trouble. 

Insects and vermin seem to be strongly attracted to 
the live parts in the substations, and it. is not easy to 
keep them out. Lizards, which may grow later to a 
length of 7 or 8 inches, can pass through a crack not 
much more than J in. wide. Mice and rats have been 
Tound in the 1600-volt busbar chambers. In one case 
three dead rats and one live one were found, but for¬ 
tunately did not cause a short-circuit. In another 
substation a large jam-jar nearly full of scorpions was 
the bag at the end of three weeks* cleaning. As a 
favourable local condition, mention should be made of 
the fact that lightning storms are infrequent and, in 
general, not particularly severe. 

Technical Particulars. 

Full technical particulars of the complete installation 
are ^ven for reference in the |^ppendix, together with 
the names of the contractors. The following comments 
may serve to explain certain points which might not 
otherwise be clear. 


60 
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Multiple’‘Unit SuhuYban 'Trains, 

In 1922 the Railway Board were developing new 
standard loading and structure gauges better suited to 
a railway with 5 ft. 6 in. track gauge than those then 
in force, which corresponded fairly closely to the stan- 
d^ds still used in this country. For the electric working 
of the harbour branch new stock was required, and it 
was decided that the designs should conform to the new 
standards. ^1 coaches were, therefore, 12 ft. wide, 
13 ft. 9 in. high, and 68 ft. long over headstocks. Each 
train unit consists of one motor-coach and three trailers, 
the normal train used during the rush hours being made 
up of two units. The seating capacity of each unit is 
15 first class, 42 second class, and 384 third class, 
total 441. It is, however, possible to carry more than 


mum, while the increase in the schedule speed on that 
of the steam trains working on the existing suburban 
lines, viz. 26 per cent, is suf&cient under the circum¬ 
stances. 

To meet the flood conditions mentioned above pro¬ 
vision was made, first, to accommodate the whole of 
the control apparatus and auxiliary equipment inside 
the coach, and, second, to enable the motors to be closed 
completely when necessary, while normally permitting 
air to be drawn in at the commutator end and expelled 
at the pinion end by the fan on the armature. For this 
purpose the usual openings at the commutator and pinion 
ends were fitted with large rotary valves, which could be 
closed immediately by merely turning the valve handles. 

During these abnormal flood conditions the service is 




1. Tractioa motors. 

2. Exhauster and generator set. 

3. Exhauster. 

4. Air compressors. 

6. Motor and blowers. 

6. Cam-operated switch groups, 

7. Main isolating switch. 

8. Auxiliary isolating switch. 


Fig. 5.—General arrangement of freight locomotive. 


9. Main resistances. 

10. Axle generator. 

11. Master controller. 

12. Hand-brake wheel. 

13. Panto^aph current collectors, 

is! 

16. 


ugnining arrestors. 
Pantograph isolatuig switch, 
Weak-field switches. 


17. Field resistances. 

18. Reverser cam group. 

19. 4-way h.t. fuse group. 

20. 2-way h.t. fuse group. 

21. Lighting switches and fuses. 

22. Motor switches. 

23. Relays. 


24. H.T. auxiliary contactors. 

25. Exhauster control cut-out. 

26. Resistance switches. 

27. Relay resistance. 

28. Exciter resistance. 

29. Voltmeter and indicators. 

30. Ammeters. 


this; thus, although the seating capacity of a third-class 
coach is 120, the crush loading is 200. The weight of » 
4-coach unit with all seats occupied is about 218 tons. 
For subsequent instalments of the suburban scheme, 
existing coaches were adapted for use as trailers, and 
new 10 ft. wide motor-coaches were purchased. For this 
stock the seating capacity of a 4-coach unit is 361, and 
the total weight with all seats occupied is 188 tons. 

Each motor-coach is equipped with four 275-h,p. 
motors; the horse-power per ton of train (12-ft. stock), 
viz. 5 ‘ 05, is therefore low compared with other suburban 
equipments; still lower is the ratio of horse-power to 
seating accommodation, viz. 2*6 h.p. per seat. As 
determined by the fir||; of these ratios, the starting 
acceleration, viz. 0*9 inile per hour per second, is also 
low. The justification for this figure is that the first 
cost of the electrical equipment is kept down to the mini- 


necessarily curtailed, as it is impossible to run at high 
speed through the flooded area. The’ last 16 motor- 
coaches ordered were therefore designed on more usual 
lines, i.e. provision was not made to enable them to run 
through water without damage. Thus, although the 
control equipment was contained in the high-tension 
chamber inside the coach, the main resistances and the 
motor exhauster were carried below the underframe and 
the motors were built without valves on the ventilation 
openings. 

Freight Locomotives.'^ 


wm De seen irom the schedule of particulars in the 
Appendix, and the general arrangement drawing in 

the* 
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Fig. 5, the design is in accordance with the designation 
C — C, that is, the wheel arrangement comprises two 


675 H.P. : 400 AMPS ; 1 400 VOLTS. 48'^ WHEEL : 33/l37 GEAR 
RATIO. PERFORMANCE CURVES THROUGH GEARS AND 
SIDE RODS. 



AMPESCS 

Fig. 6a. —Performance curves of freight locomotive motors 
(motoring). 

F.F. = FuU field. I.F. ^ Intermediate field. W.F. = Weak field, 

sets of 3 coupled laxles. In view of past discussions as 
to the use of coupled axles in electric locomotives, it 
may be of interest to state the reasons for selecting this 


design in preference to that indicated by the designation 
Cq 4- Cq or, alternatively, Bq + Bq + 3^, i.e. two 3-axle 
bogies or three 2-axle bogies, in either case with each 
axle driven independently by its own motor. 

The advantages of the design with coupled axles, as 
applied to the conditions under which the locomotives 
work, are as follows:— 

(1) There is less tendency to skidding of the wheels 
than with individually driven axles. Statements have 
recently been made that there is no difference in this 
respect between locomotives with coupled and those 
with uncoupled driving axles, but the anticipation that 
better results would be obtained with coupled axles has 
been fully confirmed by comparing the adhesion charac¬ 
teristics of these and the passenger locomotives, to which 
reference is made below. With the duty required from 
the freight locomotives it was very important to avoid 
slipping as much as possible. Trains of 1240 tons 
(including locomotives) have to be taken up the 1-in-37 
gradients on the Ghat sections, and are liable to be 
stopped at any point by flag; any delay in getting 
started again due to slippery rails would be troublesome. 
Slipping of the rear locomotive alone would probably 
break the couplings in the middle of the train. Still 
more important is the condition when two locomotives 
are taking a load of 1 840 tons down the l-in-37 gradients 
with regenerative braking. Any serious slipping of the 
wheels might then lead to a runaway. 

(2) The whole motor equipment is carried on the 
trucks and is therefore spring-bome. Thus the dead 
weight per axle is kept down to the lowest possible 
figure. 

(3) The main motors are well above the driving axles. 


43 WHEEL. 53/137 GEAR RATIO. 

REG EH ERATIOta CURVED AT 1500 VOLTS 
(axle ORiVEN exciter^. 



Fig. 6b.— Performance curves of freight locomotive motors (regenerating). 
F.A.Ti« Fidd ampei»-turite. A.A:.T. Axmaturt ampere-turas. 
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and the centre of gravity is correspondingly high. This 
is a good feature in regard to the wear and tear of the 
track, and to freedom from trouble on account of floods. 

(4) The complete electrical equipment is easily and 
conveniently divided into two groups, so that in the 
event of any electrical failure one group can be imme¬ 
diately isolated without affecting the operation of the 
other. This reduces any probability of a train being 
stalled and blocking the road. 

(5) A lower crawling speed is possible with four 1 500- 
volt motors in series than with six 750-volt motors. 
Performance curves of the main motors while motoring 
and regenerating are given in Figs. 6a and 6b. 

Before the final decision was made in favour of this 
design, inquiries were made as to the experience with 
similar locomotives on the Swiss Federal Railways. The 
information received showed that there was no reason 
to regard the coupling rods as an objectionable element 
of the design, and that in fact the cost of maintenance 
of the mechanical parts was less than the cost of elec¬ 
trical maintenance. 

In order to reduce as far as possible the chance of 
stalling on the road, certain special features were incor¬ 
porated in the design. As already mentioned, the elec¬ 
trical equipment was divided into two groups. Two 
vacuum pumps were provided, one driven by its own 
motor, and the other by the auxiliary motor-generator; 
two axle-driven generators for regenerative working were 
provided, and two motor-driven compressors for brake 
operation and for the contactor switch groups, panto¬ 
graphs and whistles; the auxiliary 50-volt battery has 
suf&cient capacity to give a supply for lights and control 
circuits for 4 hours; and an insulated false roof was 
inserted between each pantograph and the locomotive 
roof to guard against the possibility of short-circuits due 
to wires carried by birds. 

It might be expected that the two 3-axle trucks would 
be articulated or close-coupled. It was found, however, 
on working out the detailed design, that such an arrange¬ 
ment would unduly cramp the space available for the 
electrical equipment, especially with the duplicate 
auxihanes. The clearance between the inner driving 
wheels of the two trucks is actually 20 ft. 9 in. The 
locomotive body was built to conform to the old standard 
gauge with a width of 10 ft., as it would have to work 
through many tunnels which could not be enlarged to 
the dimensions of the new gauge. 

The number of freight locomotives which are used fof 
banking passenger trains on the Ghats, as well as for 
hauling freight trains was determined by working out 
the links on the basis of a new time-table prepared 
by the chief transportation superintendent for the antici¬ 
pated trafiSc with revised electric timings. The number 
so calculated was 33, and to this was added 25 per cent 
for spares, shed days, and heavy overhaul, making 41 I 
in all. The number of existing steam locomotives 
allocated to the 1923—24 goods tra£&c was 57, in 
addition to 82 Ghat en^nes which were used for all 
trains on the Ghat sections. It was further estimated 
that, to deal with the additional freight traffic anticipated 
hy the year 1932—33,18 new goods engines would be re¬ 
quired as well as 14 new Ghat engines for the additional 
freight and passenger traffic. Thus the 41 electric loco¬ 


motives were provided to replace in all 166 steam 
locomotives. 

Passenger Locomotives. 

The desire to increase the traffic between Bombay 
and Poona has already been mentioned, and an essential 
feature of the revised service was the improvement in 
the timing between these points. The consulting en¬ 
gineers were asked to state what could be done in this 
direction with a train stopping only at the foot of the 
Bhore Ghat to attach a second engine and at the top 
to detach. They gave a time of 2 hours 32 minutes 
(without margin, but including allowances for reducing 
speed to 10 miles per hour at four points on account of 
track repairs), provided the maximum permissible speed 
was raised to 70 miles per hour. 

At that time the design and performance of electric 
locomotives suitable for running at 70 miles per hour 
were not so well known as they are now, and it was felt 
that it would be safer to build and try out one or two 
I samples before committing the railway to one particular 
design. Apart from testing the suitability of the design, 
the running of these samples would provide an oppor¬ 
tunity of making certain of the tractive resistance of 
the trains to be hauled at this speed, and the tractive 
efficiency of the locomotive. 

For the purpose of the preliminary design, it was 
estimated that the tractive resistance of a 450-ton train 
(inclusive of locomotive) would be about 14 lb. per ton 
at 70 m.p.h., and the specification therefore called for a 
locomotive with a tractive effort of 6 300 lb. at this 
speed. Three samples were ordered, one each from the 
General Electric Co., the Metropolitan-Vickers Co., and 
Brown-Boveri. The first to be delivered was that 
supplied by the Metropolitan-Vickers Co., and as soon 
as possible this was employed in a series of experiments 
to test its running qualities, its suitability to the Indian 
climatic conditions, the general design and arrangement 
of the electrical equipment, the tractive effort at 
70 m.p.h., and the tractive resistance of the trains. It 
was found that the tractive effort was rather below the 
specified value, and that the tractive resistance was 
rather higher than the estimate, viz. about 15 lb. per 
ton on the level in calm weather. Under the cir¬ 
cumstances it was thought advisable, when revising the 
specification for the bulk order, to call for a considerable 
increase in the tractive effort. After careful considera¬ 
tion and discussion with the officers of the railway, it 
was decided to specify a tractive effort of 7 500 lb/at 
70 m.p.h. It was estimated on the basis of the pre¬ 
liminary tests that this would allow a margin of nearly 
2 lb. per ton when running on the level, and would 
therefore enable the train to keep time against a moderate 
head-wind. It would also make possible a steady speed 
of about 57 m.p.h. up a l-in-150 gradient. The per¬ 
formance curves of the motors in the 21 locomotives 
fin^y ordered are given in Fig. 7. Another point to 
which careful attention had to be given in the design 
of the motors was that each passenger train going up 
the Bhore Ghat had to be taken up that section by a 
passenger locomotive and a freight locomotive working 
in combination. With the very different speed charac¬ 
teristics of the two locomotives special care was necessary 
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to ensure a proper sharing of the load at the speed 
desired. It was accordingly decided that of the total 
tractive effort required, viz. about 40 000 lb., the pas¬ 
senger engine should be responsible for 16 000 lb., leaving 
24 000 lb. for the freight engine, both at the spee4 of 
about 26 m.p.h. It was found that this condition was 
not inconsistent with the other desired speed/tractive- 
effort characteristics. The combination is obtained by 
the freight locomotive motors working in full parallel 
with intermediate field, and the passenger locomotive 
motors in series-parallel with full field. In pra,ctice the 
arrangement has worked quite satisfactorily. Last year 
a test was made to decide whether a speed of 30 m.p.h. 



'Fig. 7.-^Performance curves of Metropolitan-Vickers 
passenger locomotive motors. 

F.F. FuU field. I.F. ~ Intermediate field. W.F. »= Weak field. 

'was advisable. For this purpose the freight locomotive 
motors were worked in full parallel with weak field, 

. and those on the passenger locomotive in series-parallel 
'With intermediate field. The result was quite satis¬ 
factory, as also was the running of the same train down 
the Ghat at 30 m.p.h. under regenerative control. 

In general the special features incorporated in the 
•design of the freight locomotives to minimize risk of 
stalling on the road were adopted also for the passenger 
locomotives. The division of the motor equipment, 
comprising six 750-volt motors and the main control 
.apparatus, into two groups was not quite so simple as 
in the freight locomotives where the equipment consisted 
of two pairs of ,1.500-volt motors. The arrangement 
• worked out was, however, quite adequate for the purpose. 
No provision was made in the passenger locomotives for 
jiregenerative braking^ as apart from the Ghat sections. 


on which the freight locomotives take charge of descend¬ 
ing passenger trains, the gradients are not sufficient to 
warrant the extra expense that would be involved. 
Similarly, the occasions on which passenger trains would 
be double-headed would be so few that there was no 
advantage to be gained by equipping the locomotives 
for multiple-unit control. 

Descriptive articles* have from time to time appeared 
in the technical Press on the three sample locomotives, 
and there is, therefore, no need to include in this paper 
an elaborate account of the various details of the designs. 
It will be sufficient to refer to the schedule of particulars 
in the Appendix, and to direct attention to the general 
arrangement drawings in Figs. 8, 9, and 10. 

All three locomotives were set to work on the suburban 
lines, and in December 1928 the order for the 21 addi¬ 
tional locomotives to make up the total of 24 was settled 
in favour of the Metropolitan-Vickers Co. This decision 
was taken on the following grounds. The General 
Electric locomotive, although ordered before the other 
two, was not put on the track for preliminary trials until 
the beginning of November 1928; the Metropolitan- 
Vickers locomotive, next in the succession of ordering, 
started its trial runs in May 1928, and had been on the 
track for about 6 months with short intervals only in 
the shops for general maintenance and for a slight 
alteration at the request of the consulting engineers for 
experimental purposes. During that period of six 
months, which included a rainy season, the locomotive 
had given very satisfactory service, and had exhibited 
excellent riding qualities at all speeds up to 80 m.p.h., 
whether attached to a train or running light. The 
Brown-Boveri locomotive, though ordered last, was 
delivered about the beginning of August 1928, but on 
its second run had a serious burn-out which kept it out 
of service until the beginning of November. In view of 
the importance of settling the final order promptly if 
delay in the start of electric working was to be avoided, 
and in view also of the good performance of the Metro¬ 
politan-Vickers locomotive during 6 months' running, 
there was practically no choice but to proceed as stated. 
The decision did not imply any dissatisfaction with the, 
other two samples; they suffered from the fact that it 
had not been possible to run them for an adequate 
period under service conditions. If the decision had 
been delayed any longer, not only would the option 
as to price have expired, but the bulk order could not 
^have been completed before the middle of 1931 at the 
earliest. 

In the sample locomotive the weight per driving axle 
was limited to 20 tons. , During the trial working it wa.s 
found that there was more tendency for the wheels to 
slip on the rails in bad weather conditions that! had been 
expected. By comparison with the behaviour of the 
freight locomotives, it was evident that this was accounted 
for by the absence of any coupling between the drivers. 
In working out the final design for the bulk order, a 
slight modification was made which had the effect of 
transferring 3 tons from the bogies to the driving axles, 
so that the weight per axle was increased by 5 per cent, 
i.e. to 21 tons. 

* Engineering^ 1928, vol. 125, p. 297, and vol. 126, p. 134; also 1929, 
vol.127, p.lOO. 
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1. Main motors (twin armatures). 

2 . Motor-generator set. 

3. Exhausters. 

4. Air compressor. 

5. Motor and blowers. 

6. Main isolating links. 

7. Main choke coil. 


8. Auxiliary choke coil. 

9. Earth switch. 

10. Main contactors. 

11. Main resistances. 

12. Master controller. 

18. Pantograph current collectors. 

14. Pantograph switch. 


15. Main fuse. 

16. Lighting and auxiliary switches. 

17. Auxiliary fuses. 

18. Reverser. 

19. lighting switches and fuses. 

20. Overload relays, etc. 

21. No-volt relays, etc. 


22 . Overload relay and battery gear 

23. Motor connection boxes. 

24. Inductive shunt. 

26. Cut-out switch. 

26. Voltmeters and ammeters. 

27. Hand brake. 

o 



1. Main motors. 

or-generatbr exhauster set. 
mster rhotor. 
vressed-air reservoirs, 
s and blowers, 

mt collectors. 


Fig. 9.-GeneraI arrangement of MetropoUtan-Vickers passenger locomotive. 

Q —.i_.. . 


17. Reverser cam group. 

V A combination cam group. 
2 ft n cut-out cam group. 


9. Main equipment fuse. 

10. Choke coil. 

aggScSL ISSK- 

16. Weak-fleld cam group. 84. Hsid tote. 


Master controller. 
^6. Speed indicator. 

27, Ammeters. 

fuse-box, 
29. Hand pump. 

Motor connection be 

31. Air ducts. 

32. Cable ducts. 
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The number of locomotives required was determined 
by the same method as was employed for the freight 
locomotives. The 24 electric passenger locomotives 
displaced 47 existing steam locomotives and rendered 
unnecessary the purchase of 14 new steam locomotives 
for the additional traffic anticipated. 

Track Equipment. 

In general the design of the overhead-line construction 
followed the precedent set by other electrification 
schemes carried out by British contractors, especially 
those in Australia and South Africa. In the first instal¬ 
ments, viz. those on the harbour branch and the suburban 


were attached to the catenary wire, covering it for about 
2 ft. 6 in. each side of the point of suspension. 

As will be seen from the particulars in the Appendix, 
all the running lines within the suburban limits, i.e. all 
four tracks between the terminus and Kalyan, were 
equipped with a 0‘25-sq. in. contact wire and a 0* 375-sq. 
in. catenary (with the exception of a short experimental 
length of a different construction). With this section of 
copper for each of the four tracks, and considering that 
the line is practically flat, the total conductivity between 
substations was ample for all requirements. 

For the main lines beyond Kalyan, where the 4-track 
construction terminated and connected with two tracks 





Fig. 10. —General arrangement of Brown-Boveri passenger locomotive. 


1. Main motors (twin armatures). 

2. Housings for connections to 

mechanical drive, 

3. Air compressor and motor. 

4. Exhauster and motor. 

5. Motor-generator set. 


6. Blower and motor, 

7. Cam-operated main controllers. 

8. Combination switch. 

9. Equipment half cut-out switch. 

10. Reverser switch. 

11, Cut-out switch. 


12. Electro-pneumatic operating 

apparatus. 

13. High-tension fuses. 

14. Contactors., 

15. Main switch. 

16. Automatic circuit breaker. 


17. Master controller. 

18. Pantograph current collectors. 

19. Switch panel. 

20. Field control resistances. 

21. Hand brake. 


tracks of the main line as far as Thana, the catenary 
insulators were of the well-known diabolo type, carried 
on the top of the bridge structures, with similar insulators 
for the steady arms. It soon became clear that this 
construction offered too much opportunity for short- 
circuits due to the wire-carrying habits of the crows, 
and it was necessary to shield the catenary wires and 
clamps and the live parts on the pull-off insulators by 
suitably designed insulating plates and fixtures. After 
trial with one or two different materials, a satisfactory 
arrangement was reached which for all practical pur¬ 
poses overcame the trouble. 

For the final instalment of the suburban scheme and 
for the whole of the main-line scheme, suspension-^type 
insulators were adopted for supporting the catenary and 
for side registration of the contact wire. In every case 
two insulator units giving double insulation were pro¬ 
vided between live parts and earth, and bird guards 


to the north-east and two to the south-east, on which 
gradients are more frequent and in many places severe, 
4t was necessary to provide more copper over each running 
track. It was decided to increase the total sectional 
area to 1 sq. in. Various methods were available of 
distributing this total amount between contact and 
catenary wires and feeders, and before the final decision 
was made an experimental section about a mile in length 
between Thana and Kalyan was equipped with a double 
contact-wire construction with alternately spaced drop¬ 
pers. It was felt that this might have certain advantages, 
especially in view of the high-speed running that was 
called for. Experience showed that although the double¬ 
contact wire when newly erected or adjusted provided an 
excellent means of collecting current at high speed 
wifhout sparking, the superiority over a heavy single¬ 
contact wire was not marked. On the other hand, the 
double-contact line was more difficult to keep in adjust- 
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ment. and for the same amount of maintenance the the number of insulators and the cost of construction 

glelme wasequallygood, if not rather belter. It was the new departure was considered as fuUy justified’ 

therefore decided to in /--i-_, .. ^ ju&tmea. 


therefore decided to adopt a 0*3-sq. in. contact wire with 
a 0-2-sq. in. auxiliary (or intermediate) and a 0‘6-sq. in. 
catenary, all of hard-drawn high-conductivity copper. 


Practical experience has shown that expectations have 
been fulfilled, and that there is every reason to be 
satisfied with the operation of the line. 


TeRMIMATINO 

Fittinqs 


Insulatco Oroppcri 


Catenarv 

^Fittings. ^ 

f 02sq.in. Cu Auxiliary 1 
^ Catrwary I 

0*3sq.in. Cu Contact Wire 


Full amo Dotted Limbs show 
Inoivioual Cquipmbmt Groups 
Separated Clbctrically 


. 220-0 Normal Spam 


£20-0 Overlap Spam 




Fig. 11.—Arrangement of main-line track equipment at overlap spans. 





Fig. 12.—Diagram of erection progress of overhead track equipment on main line. 









SECTIONS OF THE GREAT INDIAN PENINSULA RAILWAY. 


926 


tasual during the cold weather season at night, and high 
temperature during the day immediately before and 
.after the monsoon. The limits stated in the specification 
were 40° F. and 160° F. In order to avoid unnecessary 
•complication and expense, it was decided that provision 
•should be made in the first place for rigid anchoring, 
but that, if required, automatic tensioning could be 
.introduced by the addition of tensioning springs, or 
balance weights and pulleys. So far it has not been 
.found necessary to depart from the original arrangement 
with rigid anchoring. 

Certain parts of the Ghat sections are subject every 
year to damage due to falls of rock during the monsoon. 
It was recognized that such falls, while they might or 
might not cover the track or displace the rails, would 
.almost certainly injure any overhead line structure which 
might be hit. The probability of a structure being hit 
is, of course, small, but it was thought advisable to take 
precautions to prevent both tracks being simultaneously 
affected longer than was absolutely necessary. For this 
reason, single-track structures were used for each line on 
all sections subject to this trouble, and the structures 
were specially designed so that if they were knocked 
•over they would fall clear of the overhead wires of the 


concrete. On every ground this is a more satisfactory 
arrangeinent than connection through spark-gaps. 

On the settlement of the main-line contract in 
March 1927, completion of the work, comprising the 
equipment of 272 miles of running tracks and about 
66 miles of sidings, was called for in 3 years, i.e. by the 
1st March, 1930. Fig. 12 shows the rate of progress of 
the various portions of the work during the carrying out 
of the contract. 

Bonding. 

For tracks other than sidings two bonds are used and 
placed under special fishplates, and for sidings single 
bonds are used. Owing to the likelihood of theft the 
welded type of bond could not be considered. The 
work of installing the bonds was carried out by the 
railway staff with practically no interference to traffic. 
In the suburban area drilling of the rails for the bond 
plugs was for a time carried out by hand drills, but later 
petrol-electric sets were provided which, by means of 
lengths of cable fitted at frequent intervals with con¬ 
nectors, supplied electric drilling and nut-i*unning 
machines. It was found that 1 300 ft. of cable was 
sufficient to enable a full day's work to be carried out on 




Fig. 13.—^Diagram showing distribution of substations and track cabins on suburban and main lines. 


•other track. Thus repair work would be limited to one 
line, and as soon as the damaged structure was removed, 
traffic could be resumed by single-line working on the 
•other line. 

Mention may be made of the sectioning of the over¬ 
head line by means of overlap spans. On level tangent 
track the line is tensioned and anchored at intervals of 
.about 1 mile; on gradients steeper than 1 in 100 the 
tension lengths are reduced to about \ mile. The 
.arrangement of the overlap span is shown in Fig. 11, the 
purpose of the design being to reduce to a minimum 
the unbalanced forces on the overlap structures, and 
consequently the cost of these structures and their 
Foundations. 

All structures are bonded to the rails, either directly 
or through spark-gaps. On the suburban sections 
•direct bonding is only employed in the vicinity of the 
•substations. On the sections beyond Kalyan, where the 
lines run mainly through open country, no spark-gaps 
have yet been installed, but possibly after further 
•experience it may be found advisable to do so in some 
places. 

To guard against corrosion of the foundation bolts of 
the structures on the main-line sections, which are bolted 
•down on top of the concrete foundation blocks, plates of 
insulating material are-inserted between the structure 
bases and the bolts. Thus, while the structures are 
bonded direct to the rails, there is no eledtrical connec- 
rfcion between the trails and the bolts embedded in the 


two tracks, i.e. a length of 2 000 ft., without moving the 
generating set. 

Substations. 

The general diagram of the distribution of substations 
and track sectioning cabins is given in Big. 13. As may 
be seen in the Appendix, the converting plant in all 
substations consists of rotary-convertor sets, each set 
comprising two 750-volt 1 250-kW machines in series to 
give a 1 500-volt d.c. supply. As mentioned below, 
power for the initial instalment of the electrification 
scheme was purchased from the Tata Companies as 
3-phase 50-cycle alternating current at 22 000 volts. 
iWhen subsequently it was decided to proceed with the 
electrification of the main lines and to build a railway 
power station for the ptirpose, the possibility of linking 
up this station with the Tata system was borne in mind, 
and the station was designed for the same frequency. 
All rotary convertors in the main-line substations, there¬ 
fore, consist of two machines in series. No justification 
in r^peet of first cost or operation, sufficient to warrant 
the installation of single-armature i 500-volt convertors, 
was put forward. 

In the first 3^ substations, viz. those at Wadi Bandar, 
Kurla, and Thaiia, the positive side of each set is con¬ 
nect^ to the 1 500-volt bnsbar through a low-speed 
circuit breaker, and the negative to the negative busbar 
through a limiting resistance short-circuited during 
operation by a high-speed circuit breaker. The positive 
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feeder switches are of the same design as the machine 
circuit breakers, but of smaller capacity. All switch- 
gear, including that for starting, synchronizing, and 
connection to the busbars, was designed for manual 
operation, and the circuit breakers are of the switch¬ 
board t 3 ^e. 


negative circuit breakers were inserted. All the feeder 
breakers and the positive machine breakers are of the 
truck type, each truck being inserted into a separate 
cubicle or cell and connected by a plug-and-socket joint 
to the busbar which is contained in an enclosed busbar 
chamber at the back of the cells. For maintenance 
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Fig. 14.—Diagram of connections at Kalyan substation. 


In tie fourth substation, viz. that at Kalyan from 
which power is fed in three directions, the general 
^ign of the 1600-volt d.c. switchgear was changed. 
The protection afforded by high-speed circuit breakers 
wasapphed to the feeders, the machines being connected 
PO^ve busbar through low-speed overload 
the machine negatives were con¬ 
nected direct to the negative busbar, but subsequently 


pu^oses the trucks axe withdrawn, and in order not to 

corresponding feeder the 
and ’^T-Passed through a cross connection 

to the positive feeder 

lonhed arrangement, which has been 

apphed to aU substations and track-sectioning cabins 

flned to the suburban passenger services, as Ihe system. 
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was shut down every night for 3 or 4 hours. When the 
electrical operation of the main-line services started, all 
lines had to be kept alive continuously, and it was con¬ 
sidered desirable that switchgear maintenance should 
not interfere with the supply of power to any section. 
A simplified diagram of connections for the Kalyan 
substation is shown in Fig. 14. 

This substation was the first in this scheme in which 
automatic operation was introduced. Each rotary- 
convertor set is automatically started, S3mchronized, and 


power from the 1 500-volt d.c. line from locomotives 
regenerating, as well as for normal operation. The 
general arrangement of a typical double-unit substation 
with outdoor e.h.t. switchgear is shown in plan and 
sectional elevation in Fig. 15, and a diagram of the main 
connections in Fig. 16. 

As indicated above, only 6 of the main-line substations 
are on supervisory control. These are situated practi¬ 
cally in the open country away from towns; special 
arrangements for housing substation attendants would 






Fig. 15.—General arrangement of double-unit substation with outdoor e.h.t. switchgear. 


connected to the busbars following the closing of a low- 
voltage control switch. The substation is in the charge 
of three shifts of attendants, but all the gear is so 
arranged that at any time if desired it can be changed 
over to supervisory control from the power station or 
power controller's ofi&ce. 

In general, the main-line substations on the north¬ 
east and south-east lines are similar to that at Kalyan, 
the principal differences being {a) that all, except one 
(that at Thakurvadi), take power at about 100 000 volts; 
(6) that 6 of the 11 substations are unattended and 
fitted for supervisory control from the neighbouring 
attended substations; and ( 4 ;) that all rotary-convertor 
sets and their switchgear are designed for receiving 


otherwise have been necessary. Under the circumstances 
it was not considered advisable to dispense altogether 
with attendants and control all the substations from a 
central point, e.g. Kalyan. With the scheme adopted 
no controlled apparatus in any substation or switch 
cabin is more than 24 miles from the controlling point, 
so that any trouble on the supervisory lines is confined 
to a few sections of the track. It is perhaps too soon to 
judge whether the decision to retain a certain number of 
attendants was unduly conservative. 

The circuit breakers in the track sectioning cabins 
between Bombay and Kalyan are operated by remote 
control from the nearest railway stations or signal cabins, 
and in those on the main-line sections beyond Kalyan 
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by supervisory control. For purposes of control, the 
main switchgear in some of the cabins, viz. those that lie 
between substations under different control, is divided 
into two groups, the two circuit breakers for the up and 


or other metallic circuits paralleling the track, or from 
corrosion of track structure foundations. Following on 
one or two instances of trouble during the early days of 
operation arising from the breakdown of insulation and 


IIOOOO VOLT transmissiom uncs 




Fto. 16.-Diagr.^ of min connections of double-unit substation with outdoor e.h.t. switchgear. 


down lines north of the cabin in one group, and those 
for the up and down lines south of the cabin in the other 
group. The two groups are controlled from different 
pomts, and in this way any section of overhead line can 
be made alive or completely isolated immediately by a 


wMc^X^m ^ system, in 

breSLs to open the circuit 

breakers, a special device was instaUed in every sub- 
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Fig. 17. Diagram showing ^oups controUed from attended 
substations. 
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Fig. 18.-Diagram of substation negative busbar earthii 
device. 
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from that substation, a discharge passes through the 
spark-gap and closes the earthing switch. The nega¬ 
tive busbar is thus earthed and the fault current be¬ 
comes a short-circuit current sufficient to open all feeder 
breakers feeding into the fault. The arrangement is 
shown diagrammatically in Fig. IS. 

A description of the supervisory control equipment of 
the main-line substations has already been published in 
the technical Press.* The design of the main equip¬ 
ment will be clear from the particulars given in the 
Appendix, but mention may be made of the pre¬ 
cautions against the entrance of vermin into the 

1 600-volt switchgear. The positive busbar chamber is 
completely enclosed, the connection from the busbar 
to the circuit-breaker cell passing through a sealing 
insulator fixed to the partition wall. (In the original 
design the connection passed through an opening in 
the wall, and it was through this opening that the rats 
mentioned above entered the busbar chamber.) The 
circuit-breaker cell is normally closed in front by the 
front wall of the truck, and above by a panel of fine- 
mesh wire gauze high enough to be out of reach of the 
arcs from the circuit breaker. A plain front is also 
provided to close the cell when any truck is withdrawn 
for maintenance of the switchgear. 

Transmission System, 

All power for the traffic working and for other purposes 
between Bombay and Kalyan is purchased from the 
Tata Companies at 22 000 volts. The point of supply 
for the substations at Wadi Bandar and Kurla is the 
Tata receiving station at Dharavi, where the 100 000-volt 
transmission lines from the hydro-electric stations on the 
Ghats terminate. From this point underground cables 
are laid to the two substations (for particulars, see 
Appendix). The other two substations, at Thana and 
Kalyan, are fed by the Tata Companies' overhead 
22 000-volt lines from their Kalyan receiving station. 

For both main lines beyond Kalyan power is delivered 
to the substations by e.h.t. transmission from the 
Railway power station at Kalyan. One of the Tata 
Companies' transmission lines delivering power to 
Bombay passes just outside Kalyan, and the average 
voltage on these lines at this point is about 96 000. It 
was decided, therefore, in view of the possibility of 
future interconnection, to fix the voltage on the outgoing 
feeders from the power station at 95 000 volts. Two 
single-circuit transmission lines run along each of the 
main lines to the furthest substation, viz. Igatpuri on 
the north-east, and Kirkee on the south-east. For 
reasons of security, and to avoid interference with 
telegraph and telephone lines, the transmission lines were 
erected not less than 300 ft. from the railway line on 
each' side.' ; ■ 

The question of power transmission oyer the Bhore 
Ghat required careful consideration. With a rise of 

2 000 ft. in a short distance, the ground is naturally 
very rough and uneven, with deep ravines and steep 
hills. The railway line winds in and out on numerous 
high banks and lirough many tunnels. Some idea of 
the formation may be gathered from Fig. 3 (Plate 1, facing 
page 916) and from Fig. 4 (Plate 2). Various plans were 


prepared for running the transmission lines from Karjat 
at the bottom of the Ghat to Lonavla at the top, with 
connection to the substation at Thakurvadi about half¬ 
way up. It was found very difficult to site the two lines 
so that access could readily be obtained to them for 
maintenance and repairs. In view of the importance 
of this section, as in the event of a failure of both lines 
all traffic would be stopped between Lonavla and Poona, 
it was decided to reduce the difficult portion to the 
shortest possible length by running the two lines along 
the branch railway from Palasdhari to Khopoli, and to 
make a special section from this point to Khandala, a 
distance of only 3 miles as the crow flies, with a rise of 
about 1 650 ft., and to secure this section by providing 
a third line which could be put into service immediately 
in place of either of the other two in the event of a 
serious breakdown. From Khandala to Lonavla the 
formation presented no difficulty. The arrangement is 
shown in plan and profile in Figs. 3 and 19. It will be 
seen from Fig. 3 that the lines to Khopoli are at some 
distance from Thakurvadi. The substation at this 
point is an important one as it is in the centre of the 
Ghat section of the railway, and supplies power for the 
ascending trains and absorbs power from the descending 
trains. As a spur from the Khopoli lines to Thakurvadi 
would have to cross difficult country, it was thought 
better to step down to 22 000 volts at Karjat, and run 
a duplicate supply at this pressure to Thakurvadi, by 
means of overhead lines on the track structures in the 
open and armoured cables through the tunnels. 

Four outgoing lines leave the power station on two 
double-circuit towers and divide up close to Kalyan 
railway station into four single-circuit lines, two going 
to the north-east and two to the south-east. Each of 
the two double-circuit lines forks at the dividing point 
into one to the north-east and one to the south-east. 
The arrangement at this point is shown diagram¬ 
matically in Fig. 20. The south-eastern lines are sec¬ 
tioned at Karjat, where cross-connecting switchgear is 
installed in the outdoor substation, as shown in Fig. 13. 

Power Station, 

After studying various alternatives, including several 
nearer Bombay, a site about a mile south-west of 
Kalyan was selected. The advantages of this position 
were: (1) The station could be built close to the railway 
line and hot too far from the river Uhlas from which an 
simple supply of circulating water could be taken; 
(2) although practically the whole of the ground between 
the railway and the river in this neighbourhood is liable 
to flooding during the monsoon, only a small amount 
of levelling and filling was necessary to secure close to 
the railway a sufficient area above flood-level for the 
power station buildings and extensions, outdoor sub¬ 
station railway sidings and coal store; (3) there was 
plenty of high ground on the side of the railway away 
from the river on which quarters for the power station 
staff could be built; and (4) the site is close to the point 
from which feeders run in two directions, to the north¬ 
east and the south-east, so that ^t^^ total length of the 
transmission system is very little more than the possible 
■naminium.'' 

The plan and elevation of the power station are shown 



930 LYDALL: ELECTRIFICATION OF SUBURBAN AND CERTAIN MAIN-LINE 



in Figs. 21 and 22. From these and from the schedule 
of particulars in the Appendix it will be seen that the 
main equipment consists of four turbo-alternators each 
having an economical and continuous maximum rated 
output of 10 000 kW, and six boilers each designed for 
an economical output of 60 000 lb. of steam per hour. 
Each boiler is also designed to maintain continuously 
an overload output of 75 000 lb. of steam per hour, with 
an additional 30 000 lb. of steam per hour from fuel oil, 
making a total overload from coal and oil of 105 000 lb. 
per hour. A careful study was made of the probable 
maximum demand on the basis of the anticipated 
traffic, and it was estimated that the maximum short- 
period load on the generators (i.e. output plus station 1 



Fig. 20.—-Diagram showing bifurcation of transmission lines 
at Kalyan. 

auxiliaries) might be about 31000 kW. With the 
generating sets specially designed for high overload 
capac^, viz. 65 per cent for 2 minutes, two sets should 
be suffiaent to cairy the peak load, and more than 
enough for the average, with one set standing by, and a. 

periodical overhaul. At the request of 
the railway authorities, consideration was given to the 
possibility of the station being extended in the future 
to supply power for the suburban; as well as the main- 
hne services. The machines were therefore designed to 
cai^ an overload of 20 per centfor 2 hours to coi^pond 

to the characteristics of the suburban demand. 

It was to be expected that the (iemand for the nmin- 
toe tr^ would be fluctuating, with sudden heavy 
ovwloa^ followmg periods of very light load. UndZ 
such cu-CTimstances the maintenance of full steam 
pressure is exteemdy difficult, and there is a liability for 
an ^cessive drop in the spe^ of the turbines with a 
resultant disturbance throughout the system To 
guard against this contingency precautions were taken 


"asrang and point A (Fig. 3, Plate I). 
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in two directions. First, the turbines were specially 
designed so that they could carry the overload of 65 per 
cent without an excessive drop in speed even if the 
pressure at the stop valve feU to 190 lb. per sq. in. instead 
of the normal working pressure of 250 lb. per sq. in. 
Second, to enable steam to be raised very rapidly, all 
boilers were fitted with burners for supplementary oil 
firing, and arrangements were made so that the oil fuel 
could be turned on at a moment's notice. Thus the 
boiler-house staff can follow up closely the fluctuations 
of the load. 

As mentioned above, the circulating water for the 
condensers is taken from the river Uhlas. This is a 
tidal river, the normal rise and fall of the level being 
about 6 ft. During the monsoon the river frequently 
comes down in flood, the maximum recorded height of 
the flood being 29*3 ft. above the lowest water-level in 
the dry season. For the intake a screen and pump 
house was built on the river bank a little up-stream from 
the power station at a point where there is a well- 
marked channel in the river near the bank which is not 
liable to silt up. This pump house was connected with 
the engine-room basement by three 42-inch diameter 
cast-iron pipes, each about 960 ft. long. The water, 
after passing through the condensers, returns to the river 
through two 42-inch diameter pipes, the outlet being 
about J mile down-stream from the inlet, as between 
tides the river is stagnant. The temperature of the 
water in the river varies between 75® and 95® F. 

The screen and pump house, the general design of 
which is shown in Fig. 23, is a massive e»oncrete structure, 
shaped in the form of a cut-water up and downstream 
to resist flood pressure and to obviate as far as possible 
the accumulation of silt in front of the intake openings 
on account of eddies. Five intakes and five screen 
chambers are provided, three only being used at present, 
the tot^ number being sufficient to deal with all the 
circulating water required for the station when extended 
by the installation of a fifth turbo-alternator and two 
additional boilers. The pump suction connections from 
the back of the screens are so arranged that each pump 
can draw water from either of two screens. For the 
present installation only five pumps have been provided, 
three large ones dehvering 16 000 gallons per minute 
against a head of 47 ft., and two small ones delivering 
8 000 gallons per minute against the same head. These 
pumps deliver into a 42-inch header, from which the 
three 42-inch pipes lead to the engine-room basement. 
Above the pump chambers is the pump house which 
contains the vertical-spindle pump motors, valve hand- 
wheels, and accessories. At the top of the screen 
chambers a track is laid for a jib crane, which is thus 
able to traverse the full length of the inlet frontage and 
remove any silt that may be deposited in front of the 
openings. 

The principal electrical features of the power station 
axe that all main switching is arranged at 95 000 volts 
and that the unit system is employed for the auxiliaries. 

As will be seen from the diagram of main connections in 

Fig. 24, each generator is connected through an oil circuit- 

breaker to the low-tension side of its own ll OOO-kVA 
step-up transformer, and also to the high-t^sion side of 
its own 1800-kVA unit transformer, which feeds the 









The control of all main switching is concentrated in 
the control room. This room is in the upper floor of the 
control house, a separate building connected with 
the engine room by a footbridge which also carries the 
control cables. In the same building are the offices 
of the power-station superintendent and assistant super¬ 
intendent, and, on the ground floor, staff offices, mess- 
rooms, and stores. The operation of the circulating- 
water pumps is controlled by pilot wires from switch 
panels in the engine room, and alternatively from similar 
panels in the pump house. 

VOL. 71. 


The boiler house and engine room are steel-framed 
structures covered with brick and concrete courses. 
Special attention was given to the question of ventila¬ 
tion in view of the climatic conditions. Instead of the 
usual louvred clerestory in the roof of the engine room a ^ 
number of ventilators are fitted along the apex of the 
roof through which hot air is exhausted. The north 
wall is provided with hinged glass windows, which can 
be kept open in nearly all conditions of weather, as the 
prevailing wind during the rainy season is from the 
south-west. For the ventilation of the boiler house 
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there are openings into the basement along both side 
walls, protected by iron bars, and in the south wall 
and both side walls there are panels of sheet-steel 
louvres of special design to deal with tropical rain 
coincident with a strong wind. 

Locomotive Shops and Car Sheds, 

New locomotive shops have been erected alongside the 
existing engine shed at Kalyan for the inspection and 
general maintenance of the electric locomotives. 
Inspection sheds for the locomotives have also been pro¬ 
vided at Victoria Terminus and Poona, and at Igatpuri 
and Lonavla for the freight locomotives stationed at 
these points for Ghat working. A large, new car shed 
has been built close to Kurla for inspection and main¬ 
tenance of the multiple-unit trains. 

System Control, 

The electrical operation of the complete scheme is 
under the control of the power controller, whose office is 
at Victoria Terminus. In this office a large wall 
diagram has been put up on which is shown every 
essential switch on the system, including the feeder 


completed, the total expenditure was estimated to be 
^s. 677 18 419 (£5 078 880). This total was made up of 
the following items:— 


Rupees 


(1) Locomotives 

156 86 969 

(£1 176 450) 

(2) New running shed and 



alterations to existing 



sheds .. 

9 20 730 

(£69 050) 

(3) Permanent-way equip¬ 



ment .. 

209 68 317 

(£1 572 620) 

(4) Alterations to ways and 



works .. .. .. 

6 49 000 

(£48 670) 

(6) Substations 

99 93 623 

(£749 620) 

(6) Transmission line 

63 40 591 

(£476 560) 

(7) Power station .. 

131 60 189 

(£987 010) 

Es. 677 18 419 



Operation Statistics. 

Train Delays, 

It is still rather early to say much on the question of 
reliability of the electrically operated services, but the 


Table 6. 


Delays, of Suburban Trains, January to August 1931; minutes per 1 000 train-miles. 


Cause of delay 

January 

February 

March 

April 

May 

June 

July 

August 

Electrical equipment 

1*94 

1-99 

2-00 

1*64 

1-98 

3*94 

6*73 

2-87 

Mechanical portions .. 

0*98 

1-26 

0-41 

0-76 

0-62 

2*19 

2*04 

1*08 

Brakes . • 

0-64 

0-23 

0-16 

0-19 

0'20 

0*62 

0-52 

0*42 

Miscellaneous .. 

0*11 

0-12 

— 

0-20 

0*17 

0^64 

0-30 

0*57 

Total ’ . 

3-67 

3-59 

2-67 

2-78 

2*87 

7*29 

9*69 

4*94 


switches in the power station, in the substations and 
track-sectioning cabins, and the isolating switches of 
the overhead track equipment. The office is connected 
by telephone with the power station and all substations, 
and with the locomotive shops and car sheds. 

Capital Expenditure. 

Suburban Scheme, 

The total expenditure sanctioned on the suburban 
scheme was Rs. 274 16 622 (£2 056 460 at R. 1 = Is. 6d.). i 
The actual expenditure has not been finally ascertained, 
but it is not likely to differ appreciably from this amount. 

Main-Line Scheme, 

The total estimated expenditure on which the scheme 
was approved was Rs. 660 24 490 (£4 876 840). After 
approval was received, certain minor alterations were 
made, viz. 8 ballasting locomotives were omitted; 
42 miles of sidings to be electrically equipped were added 
and modifications were made to the power-station design 
in order to facilitate, the addition of the suburban load, 
if required, at a later date, with the minimum of extension 
and alteration. According to careful calculations pre¬ 
pared in April 1929, when practically all the contracts 
had been placed and a large part of the work had been. : 


following figures may be of interest. For the suburban 
services during the first 8 months of the year 1931, the 
delays in minutes per 1 000 trainTmiles were as shown 
in Table 5. 

The number of train delays due to electric locomotive 
defects from January to November 1931, inclusive, are 
given in Table 6 (page 936) . 

During the sixmonths January to June 1931, inclusive, 
the locomotive mileages, number of detentions, and time 
lost were as shown in Table 7 (page 936). 

In the railway records any train detention of more 
than an hour due to a locomotive, or when the locomotive 
is unable to complete its booked run, is entered as an 
engine failure. The failures per 100 000 miles of steam 
and electric locomotives on the G.I.P. Railway during 
the year 1930>“3I were as follows:— 

^ ''■'Steam':^;V:j- 3:18'. 

Electric freight . 0 • 46 

Electric passenger . . 0’ 21: * 

Additional evidence of the improvement in the services 
is afforded by the figures of punctuality of the trains on 
the Bombay division, i.e. the area between the terminus 
and Igatpuri and Poona, before and after electrification 
(see Table 9, page 936). 
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Table 6. 

Number of Train Delays due to Electric Locomotive Defects, January to November 1931. 


Type of defect 

January 

February 

March 

April 

May 

June 

July 

August 

September 

October 

November 

Passenger 

Electrical .. .. 

4 

1 

6 

4 

3 

3 

3 

0 

0 

2 

2 

Mechanical .. .. 

2 

0 1 

0 

1 

1 

1 

0 

0 

0 

0 1 

1 

Freight 

Electrical 

[ 1 

3 

1 

0 

2 

2 

0 

2 

3 

0 

3 

Mechanical .. 

. ^ 

0 

2 

2 

1 

3 

0 

0 

1 

0 

1 


Table 7. 


Delays of Main-Line Trains, January to June 1931. 



Passenger 

trains 

Freight 

trains 

Locomotive mileage 

706 484 

678 924 

Number of train detentions 

25 

20 

Time lost (mins.) per 1 000 miles, 



due to locomotive defects 

1-04 

1-38 


Table 8. 


Maxch 1928 
March 1931 
April 1928 
April 1931 


March 1928 
March 1931 

April 1928 
April 1931 


and after Electrification. 

Percentage of 
trains arriving 
light time 

Percentage of 
trains arriving 
10 minutes and 
under late 

North-east line. 

percent 

42-2 

per cent 

18-8 

70-5 

12*2 

37-2 

23*3 

70-8 

15*0 

South-east line. 

68-0 

19*4 

87*6 

8*6 

66*8 

23-0 

82-8 

13*5 


Percentage of 
trains arriving 
over 10 minutes 
late 


Traction Supply Failures» 

The statement in Table 9 shows the traction supply 
failures and their causes during the month of October 
1931. This is a fair average month, being a little better 
than some and not quite so good as others. 

Combining the duration of each failure shown in Table 9 

with the length of single-line running track affected' the 
^utes multipKed by miles work out at 1 784, whereas 
r“f of the total minutes in the month and the 

of . running track would be about I 


Energy Consumption and Load Factor. 

The average energy consumption, in terms of the 
power purchased from the Tata Companies, for the 
suburban passenger services worked by multiple-unit 
trains, is about 77 to 79 watt-hours per ton-mile. The 
energy is measured at three points, viz. (1) Dharavi 
receiving station from which Wadi Bandar and Kurla 
substations are fed by 22 000-volt underground cables, 
(2) Thana substation, (3) Kalyan substation. The 
terms of purchase are based on a unit charge as measured 
at these three points, plus a maximum-demand charge. 
The latter is at a fixed rate per kilowatt, the demand 
being the highest coincident quarter-hour demand during 
each month at the three metering points. Although the 
supply from the Dharavi receiving station i^ much greater 
than either of the others, the diversity is an important 
factor. This is clearly shown by the figures in Table 10. 

The consumption of energy for main-line trains varies, 
naturally, according to the class of train and the gradients 
of the sections considered. Careful measurements have 
been made with a variety of passenger and goods trains, 
and a selection of the results are given in Table 11. 
In this table the consumption is given section by 
section in terms of watt-hours per ton-mile, the ton¬ 
nage being the total weight of the train inclusive of 
locomotive, passengers and baggage, or load, and the 
ener^ consumption being that measured on the loco¬ 
motive, inclusive of all auxiliary supplies. 

With ^e comparatiyely small number of trains taking 
power simultaneously a high load factor at the power 
I station is not to be expected. The figures in Table 12 
^ (page 940), taken at random for the first and third 
qu^ters of the year 1931, show, however, that the 

load factor is not unreasonably low. 

Regeneration. 

As will be seen from the profile of the lines in Fig. 2, 
tte opportunities for regeneration are confined to the 
^0 Ghat sections and the 26 miles between Vasind and 
Ka^ on the north-east line. On these sections a pro- 
portaon of the regenerated energy is absorbed by ascend¬ 
ing trams, and the remainder is converted into alternating 
current m the substations and delivered to the trans- 
mi^ion Imes. This conversion occurs in 7 substations, 
in Table 13 show, as percentages, the 
regenerated energy measured on the 3-phase 
side to the input from Ihe tr^ for each 
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substation during the months March to October 1931. 
It should be remarked that some passenger trains are 
taken down the Ghat sections with their own loco¬ 
motives only; that is to say, not all trains are worked 
regeneratively on these sections. 


relation is given month by month in the last line of Table 
13 (page 940). These figures show that on the average 
about per cent of the input to the rotary convertors 
is returned to the transmission lines. On the basis of 
trafi&c assumed in the working out of the scheme, the 


Table 9. 


Traction Supply Failures During October 1931. 


Date 

Duration 

of 

failure 

Sections affected 

Length of 
single running 
track affected 

Cause of failure 

1st 

minutes 

Nil 

miles 


2nd 

— 

Nil 



3rd 

1 

Up goods yard at Kalyan 

Nil 

Unknown 

4th 

— 

Nil 

_ 



r 3 

Both lines, Lonavla to Poona 

78 \ 

Voltage fluctuation due to tripping-out of both 

6th 

I 1 

Both lines, Thansit to Kasara 

28 J 

south-eastern transmission lines at Karjat 

1 

L 1 

Up line, Kalyan to Vasind 

Up line, Kalyan to Titvala 

16 

5 J 

Unknown 

eth 

' 2 

< 

Both lines, Badlapur to Malavli 

86 \ 

Tripping-out of south-eastern transmission line at 

L 3 

Both lines, Malavli to Poona 

68 J 

power station 

7th 

1 2 

Both lines, Badlapur to Poona 

154 

North-eastern transmission line tripped out at 

l 3 

Both lines, Titvala to Igatpuri 

90 ' 

power station owing to boat mast fouling line 
at Titvala river crossing 

8th 

9th 

1 

Both lines, Lonavla to Kamshet 
Nil 

20 

Feeders tripped out due to lightning 

10th 

— 

Nil 

- ,,r 


11th 

““ •% 

Nil 



12th 

— 

Nil 

.: 


13th 

— 

Nil 

. 


14th 

— 

Nil 

...... 


15th 

a 

Up local. Wadi Bandar to 

li 

Defective multiple-unit train 

16th 

___ 

Terminus 

m 



17th 

— 

■Nil' 


_ 

18th 

— 

Nil 

- ■■ 


19th 

— 

Nil 

— 


20th 

— 

Nil 


■ 

21st 

r 46- 

Up line Titvala to Kalyan, 

® 1 

Lightning-arrestor gap at Titvala track cabin 

1 145 

Up line, Titvala switch No. 2 to 

If / 

short-circuited by rat 

22nd 


Titvala cabin 

Nil 



23rd 

— 

Nil 


■ . ■ . • . 

24th 

1 

Pown local, Thana to Vikhroli 

6 

Defective miiltiple-imit train 

25th 

— 

Nil 


26th 

— 

Nil 

9 

.. . - 

27th 

— 

Nil 

■— . 

■ 

28th 

—■ 

Nil 

■ —— ■■ ■ ■; 

, ■ ■ ■ - r ' 

29th 

_ 

Nil ■ : 


■ - 

30th 

— 

Nil 


■ - 

31st 


. ' • Nil . 




, The figures for each substation are some indication of 
the efiect of the various gradients, but in attempting to 
form any idea as to the monetary value of the regenera¬ 
tive feature in the design of the freight locomotives it is 
necessary to consider the relation between the total 
input to all the main-line substations and the total 
energy returned to the tensmission system. This 


I total input would be about 60 000 000 kWh per annum,« 
I The energy returned to the high-tension lines would 
therefore be about 2 700 000 kWh per annum. The 
value of this saving, quite apart from further saving 
in respect of regenerated energy which is absorbed by 
other trains without being converted at ihe substations, 
is ample to pay the capital charges on the extra cost 
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Table 10. 


Load Factor and Diversity Factor of Supply to the Suburban 
Substations. 


Period 

Four weeks ending 
1st December, 
1928 

Four weeks ending 
29th December, 
1928 

Units (kWh) delivered to all 
substations*^ 

3 617 350 

3 859 850 

Summation of individual 


J-hour maxima (kW) .. 

12 960 

14 644 

Coincident ;^-hour maxi¬ 


mum (kW) 

10 224 

11 520 

Diversity factor .. .. 

1-26 

1*26 

Load factor, per cent 

51*0 

49*6 


and wago^works include about 10 per cent for the locomotive and carriage 


of equipping the 41 freight locomotives with exciters 
and additional switchgear. 

A further important advantage arising from the use of 
regenerative braking, especially on the Ghat sections, 
is the reduction in brake-block renewals. 

Table 14 (page 940) gives a representative indication of 
the brake block renewals at the running sheds. 

It will be seen that without regeneration the consump- 
tion of brake blocks is in the neighbourhood of 7 per 
1 000 locomotive-miles, and with regeneration 3-6 blocks 
per 1 000 locomotive-miles, the difference being clearly 
due to the reduction in consumption on the Ghat 
sections. 

Locomotive Mileages. 

From the remarks in the early part of this paper on 
passenger and goods trafSc it will be clear that the electric 
locomotives, especially those for the freight trains, are 
not working to their full capacity. The locomotive 
mileages for the 12 months November 1930 to October 
1931 are given in Table 15 (page 940), 

According to the link working which was put into 
force on the 1st September, 1931, the whole of the 
main-line passenger trafhc between Sombay and Igatpuri 
and Poona requires 15 passenger locomotives, each 
going through the complete schedule once every 15 days. 
During this period the mileage, apart from light mileage, j 

is 3 930, equal to an average of 262 per day, the maximum * 
on any one day being 436, made up of 4 separate runs. 

It is clear that the 24 locomotives are capable of dealing 
with a good deal more traffic, even when all necessary 
allowance has been made for spares, specials, and 
overhaul.- 

Operation and Maintenance CoMsi.^^^ 

Many parts of the complete installation have only 
recently passed out of their respective mamtenance 
periods; it is, therefore, too soon to 
representative costs of operation and mainten^ance. The i 
following figures relating to the main-line portion of the 
scheme, . specially prepared for this paper by the Chief 
Transportation Supermtendent’s Department, and based 


on ascertained costs for the months of December 1931, 
and January and February 1932, will be of interest. 


(1) Locomotive oil and stores and running 


shed charges. 

per engine mile 

Passenger engines 

1 • 46 annas 

Goods engines 

2 * 42 annas 

(2) Locomotive repairs. 


Passenger engines 

1*14 annas 

Goods engines 

1 • 88 annas 

(3) Wages of locomotive crews. 


Passenger engines 

4‘64 annas 

Goods engines .. .. ... 

4*99 annas 

(4) Substation attendants in main-line 
substations . 

per annum 

Es. 1 66 150 

(5) Substation maintenance (main-line 


substations and proportion of 


plant in suburban substations .. 

Rs. 84 890 

(6) Stores and lubricants for substations 

Ks. 3 140 


(7) Labour and supervision for mainten¬ 

ance of permanent-way equipment 

and transmission system .. .. Ks.l61310 

(8) Materials for maintenance of perman¬ 

ent-way equipment and transmis¬ 
sion system . .. R's. 21 500 

(9) Establishment charge .. .. ^s. 9 860 

(10) Staff for control of electrical system .. Rs. 14 620 

(11) Establishment charge .. .. Its. 1040 

(12) Additional expenses of headquarters 

• • .. .. .. ^s. 20 600 

(13) Rental of new telephone and control ^ 

.. .. .. .. ]^s. 14 400 

Operating Experience. 

Multiple-Unit Trains^ 

^ On the whole the multiple-unit train equipments have 
given satisfactory service. In the early stages some 
trouble was experienced with the armature windings of 
the main motors, which was accentuated by the lack of 
adequate facilities for repairs in the railway shops. 
Improved methods of insulating the coils were adopted, 
and with better arrangements for maintenance the 
number of failures has been greatly reduced. Thus, for 
the first 8 months of 1931 there were only 13 armature 
failures, one of which was due to the breakage of the 
shaft. There have been rather more than the usual 
number of hot armature bearings. With careful main¬ 
tenance and attention to lubrication routine this trouble- 
can be kept down, as shown by the statistics of certain 
months, but at timeSj especially during the monsoon, 
the number of failures is still abnormally high. The 
principal trouble, however, has been an unusual succes¬ 
sion of gear failures. 

■ The original gears provided wdth all t^^ 
first 38 motorrcoaches were made by a who 

had previously supplied satisfactory gears for the Midi 
Faffway. During inspection before shipment to Bombay 
certain undesirable features wrere observed, and accep¬ 
tance was withheld, but in order not to hoM 
contract and delay the start of operations the gears were 
shipped, and if they had giyen satisfactory results in 
s^ce they .would have been acceptedi After about 
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Table 12. 


Output from Kalyan Power Station, and Load Factor. 


Quarter 

January-March, 

1931 

July-September, 

1931 

Units (kWh) sent out 

11 586 770 

9 573 600 

Half-hour maximum (kW) 

12 360 

10 500 

Load factor, per cent 

43 

41-7 

Maximum observed load 


on generators, kW 

18 000 

16 400 


12 months’ service, however, breakages of gear wheels 
and pinions began to occur, and from June 1926 onwards 
these breakages continued at an accelerated rate. At 
the end of that year it was decided that all the gears in 
use on the harbour branch must be replaced, and 
subsequently, in May 1927, as those in use on the other 
suburban lines were also failing at an increasing rate, all 
the original gears were condemned. 

The principal particulars of the French gears were 
as follows:— 

Tooth design: Sunderland form—2|- dia. pitch. 

Gear-wheel constructions Shrunk-on rims. 

Steel composition: C 0*25, Si 0-56, S 0*06, P 0-033 
Mn 0-37, Ni 2-62, Cr 0-71. ' 

Owing to labour troubles in this country, the order for 


gears and pinions to replace the first set, and to equip 
the remaining 15 motor coaches, was placed with a 
Continental firm of steel-makers. With the exception 
of the first 12, which were of chrome-nickel steel, the 
new gear-wheels were, on the recommendation of the 
steel-makers, of manganese-silicon steel, and all the new 
pinions and gears were made with teeth of the Maag 
form, calculated to give an increase in strength of about 
23 per cent compared with those of the Sunderland form. 

I The particulars were as follows:— 

Tooth design: Maag form—2^ dia. pitch. 

Gear-wheel construction: Shrunk-on rims. 

Steel composition:— 

Pinions C Mn Ni Cr Si Mb 

First 12 .. 0-264 0-505 2-79 0-99 0-177 0-293 

Remaining 200 0-35 0-35 5-30 1-20 0-30 — 

Gear rims 

First 12 .. 0-279 0-57 2-80 1-00 0-170 0-297 

Remaining 200 0-50 1-30 — — 0-70 _ 

Unfortunately, the second set proved no more satis¬ 
factory than the first. The first 12 pinions were too 
soft, and after 3 had failed the other 9 were taken out 
of service. In October 1927, one of the manganese-steel 
gear rims broke after running about 10 500 miles. This 
was followed by other similar breakages and by the 
end of June 1928 there had been 30 failures of the gear¬ 
wheel rims. By this time it was evident that whatever 


Table 13. 

generated Energy returned to the Tran^ission SysUm. as Percentage of Input to Substuii^rs. im 


Vasind .. 
Thansit .. 
Kasara .. 
Igatpuri.. 
Karjat .. 
Thakurvadi 
Lonavla .. 
All main-line 


Substation 


March 


April 


May 


June 


July 


August 


September 


October 


substations 


1-5 

3- 2 
7-2 

12-1 

5-0 

17-0 

4- 5 
4-9 


3-1 

3- 9 
9-1 

12-3 

5-2 

16-3 

4- 8 

5- 6 


1-4 

3- 1 

8-8 

13-6 

4- 6 
15-9 

5- 4 

5-1 


2-1 

2-0 

7-4 

11-0 

4-3 

16-1 

4-8 

4-8 


1-2 

6-5 

9-8 

5-2 

12-1 

4*8 

4-1 


1-8 

1-6 

6-0 

9-5 

4-3 

10-9 

4-0 

4-0 


I'O 

1-9 

4-5 

7-2 

4*2 

10-8 

3-4 

3-5 


1-1 

2-1 

5-4 

10*0 

3- 7 
13-2 

4- 4 

4-3 


Table 14. 



Lonavla 

Igatpuri 

M- wvmuuj, 1 

Kalyan 

riegeneratio'i 

Total 

n. 

Engine mileage 

Without regeneration from 12/7/30 to 16/8/30 

With regeneration from 25/4/31 to 27/6/31 

30 

0 

58 

43 

294 

360 

382 

403 

55 000 
115 000 


Table 15. 

Electnc Locomotive Mileages, November 1930 to October 1931. 


•Period 


AvSS of 24 passenger locomotives 

Average mileage per locomotive of 41 freight locomotives 


November 1930 to 
April 1931 


29 195 
14 814 


May 1931 to 
October 1931 


30 847 
11 430 


November 1930 to 
October 1931 


60 042 
26 244 
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the cause, these manganese-steel gears could not be 
relied on to stand up to the service conditions. After 
much discussion it was decided to replace them all and 
to revert to chrome-nickel steel. In order to save delay, 
36 gears were put in hand, the blanks being supplied by 
Messrs. Cammell Laird and Co. of their Non-Brit ” 
grade of nickel-chrome steel to B.S.S. No. 1286 (Part 3) 
with a small a:dded percentage of molybdenum, and the 
balance of the 216 were replaced by the Continental 
firm, the teeth being cut, as before, by the English 
Electric Co. in their own works. In both cases the 
gear-wheels were solid, i.e. they were not made with 
shrunk-on rims and the Maag form of tooth was retained, 
with 2J dia. pitch. The Continental blanks were of 
heat-treated steel of the following composition: C 0*38, 
Mn 0-35, Si 0-24, P 0*022, S 0*028, Ni 2*64, Cr 1*20. 

These solid gears were put into service with the 200 
pinions of chrome-nickel steel from the Continental 
firm, which had not then shown any signs of premature 
failure. Subsequently, however, the pinions began to 
crack and break in considerable numbers, generally after 
running about 150 000 miles, as guaranteed, and in a few 
cases damaged the gear-wheels with which they were 
working. Apart from the failures associated with pinion 
breakages, only 3 of the 200 solid chrome-nickel gear¬ 
wheels have so far broken, 2 of these being from the 
Continental firm mentioned above, and one from the 
Cammell Laird delivery. Up to the middle of last 
November 78 pinions had failed or had been removed. 
These are being replaced, when necessary, from a stock 
of 100 purchased by the railway, 60 from Messrs. Wise¬ 
man, 50 from the Tool Steel Gear and Pinion Co. of 
Cincinnati, and more recently by a further 50 from the 
English Electric Co. 

The trouble with gears, as shown by the foregoing 
abbreviated account, has been due to a combination of 
unfortunate circumstances. It cannot be regarded as 
typical of suburban electrification in India, as on the 
Bombay, Baroda and Central India Railway, on which 
the operating conditions are practically identical, there 
has not up to the present after 4 years of working been 
a single failure of either pinion or gear-wheel. On a 
conservative estimate the life of the pinions will be at 
least 500 000 miles and of the gears 750 000. 

Freight Locomotives, 

In any scheme of main-line electrification the behaviour 
of the locomotives in service is more important, and 
therefore of more interest, than that of any other section 
of the complete electrical installation apart from the 
overhead line. A failure in a locomotive will probably 
cause more delay to traffic than, for example, a substation 
breakdown, where, if a rotary convertor fails, the spare set 
can be put into service immediately, and nothing is notice¬ 
able beyond a drop in the line voltage for a few minutes. 

It is therefore very gratifying to all concerned that in 
this scheme it can be recorded that the locomotives 
have been almost entirely free from serious trouble. 
This is reflected in the figures of train delays mentioned 
on page 936, There have, of course, been a few minor 
difficulties, such as inevitably occur when plant or 
apparatus containing novel features in the detailed 
design is first put into service, but it can be said that if 


there had been no derailments and no troubles attri¬ 
butable in one way or another to lubrication, three- 
quarters of the work in the locomotive shops beyond 
that of the ordinary routine inspection and maintenance 
would have been eliminated. The derailments have 
been comparatively numerous, and in practically every 
case have been due to split points or spread rails; in no 
case was the derailment due to any cause inherent in the 
locomotives. 

Electrically the freight locomotives have a very good 
record. In the 3 years from May 1928 to June 1931 
only 4 motors have been removed from locomotives for 
motor faults, and there have been no bearing failures 
in service. During the same period there have been 
I about 20 instances of flashing-over—some very slight— 
and nearly half of these were traced to causes outside the 
motors or to foreign bodies such as tools left in the motors. 
In most cases the flash-overs were not noticed until the 
locomotive came in for inspection. In the auxiliary 
machines one blower motor and one compressor motor 
have failed, and one or two axle generators were damaged 
by running through floods. There have been no break¬ 
ages of gears or pinions, and the control apparatus has 
given no trouble. The lightning arrestors have not been 
satisfactory, but under the circums^nces this has not 
been important. 

Mechanically the locomotives have been singularly 
free from trouble in service, and the principal points 
which have called for attention in maintenance have 
been (1) jackshaft bearings, (2) crank pins and coupling- 
rod bearings, (3) breakages of laminated bearing springs, 
and (4) breakages of side bearer springs. 

The total output of the four 660-h.p. motors is trans¬ 
mitted to the driving wheels by 2 jackshafts which run 
in 4 bearings. The tractive effort of the locomotive 
occasionally reaches 80 000 lb., and as the transmission 
is by means of cranks at right angles, each of the 4 jack- 
shaft bearings is at such times subjected to a periodic force 
of about 80 000 lb. During the first year or so of opera¬ 
tion many of these bearings were found on examination 
to have cracked or dragged white metal, indicating that 
at some time there had been overheating, though very 
few failures occurred in service. After prolonged 
investigation it was concluded that the system of 
lubrication was responsible. Immediately after the oil 
wells were filled, the bearings were flooded with oil to such 
an extent that a large proportion passed out into the 
^ear case instead of returning to the well. After , a 
comparatively short time this loss of oil led to insufficient 
lubrication of the bearing and consequent overheating. 
The trouble could be overcome by frequent refilling of 
the reservoir, but this was not considered satisfactory, 
and after many trials it was decided to make a modifica¬ 
tion in the design in order to restrict the supply of oil 
to the bearing when the reservoir was full. This altera¬ 
tion is being made in all locomotives as opportunity 
offers, and it is expected that it will not only eliminate 
the trouble but also r^ult in a great saying of oil. 
Before the alteration, the quantity used for the 4 beaHngs, 
with careful supervision, was about 20 lb. per 1 000 
locomotive-miles; after the alteration on the selected 
locomotive the consumption was 10 to 11 lb. 

A few failures occurred in the big-end bearings of the 


942 LYDALL; ELECTRIFICATION OF SUBURBAN AND CERTAIN MAIN-LINE 


coupling rods and the side-rod bushes. Insufficient 
lubrication was mainly responsible, and, possibly in one 
or two instances, rust on the pins which escaped notice 
when the locomotives were assembled in Bombay. 

A certain number of plates in the laminated bearing 
springs have broken. The cause of the breakages is not 
^finitely knowm; the margin of safety in the material 
is probably insufficient. Each spring consists of 12 ^^--inch 
plates, and of the total number of 6 904 plates 254 had 
broken by the end of February 1931. The great maj ority 
of breakages occurred in plates numbered 8, 9,10, and 11, 
counting downwards. A few springs of 9|-in. plates are 
bemg tried in place of those originally supplied. 

The side-bearer springs, which transmit part of the 
weight of the body to the trucks, have had to be replaced. 
These springs were of the '' Parabo type, and it was 
found necessary to use a better quality of spring steel 
than that originally provided. The new springs are of 
the helical typ^ instead of the “ Parabo.'' 

The following notes on the intermediate overhaul of one 
of the locomotives after running 59 209 miles will give an 
idea of the maintenance work required. 

Main Motors.—2 cracked insulators in the brush¬ 
gear renewed, and 2 small pieces of white metal removed 
from one of the araature bearings and renewed; other¬ 
wise nothing required beyond a general cleaning. 

Axle Generators. — Cleaning only. 

Auxiliary Motors, etc. —^The commutator of No. 2 
blower motor required skimming up; otherwise nothing 
required. 

Unit Switches. —The arcing cheeks on 8 switches were 
renewed; main contacts cleaned up; 5 valve stems found 
to be slack and were replaced; piston leathers greased 
and refitted; pins and joints lubricated. 

Group Switches. —Two pairs of power contacts renewed; 
otherwise ever 3 rfching in good order. 

Main Resistances.—Bolts tightened up; no broken 
grids found. 

Pantographs.—AR parts cleaned and lubricated, and 
piston leathers of No. 1 pantograph renewed. 

Compressors.— YbXwq seatings reground, everything 
else in good condition. 

No replacements necessary; light deposits 

of carbon removed; valves and lubricators cleaned. 

Jackshaft Bearings. —^All 4 bearings were in bad condi¬ 
tion, and had to be remetalled. 

Axle Bearings.’ —All in excellent condition; no renewals 
necessary. 

Crankpins. —All required regrinding. * 

Big-End and Side-Rod Bushes. —^Two big-end and 5 
side-rod bushes remetalled. 

Wheels, Pyres, and Axles. —^Axle journals and wheels 

in sound condition; tyre wear as follows* 

Minimum 

ixx# 

iJlange .. . . .. OrlOO 0-008 

Radius at root of flange .. O-HO 0-046 
.. 0-130 0-120 




■Average 

.oaie 

Kaonis at :3X)ot of flange . ni ■ .. o *10 

Tread 0-185 


Maxizanm 

in. 

0-232 
0-29 
, Q-205 


Minimum 

in, 

0-04 

0-X26 

0 - 122 , 


Main Springs, Cotters, and Pins. —^Three main springs 
w^ere found with one leaf broken in each; spring hanger 
cotters slightly worn and made up by welding; equalizing 
pins badly worn owing to insufficient lubrication. 

Gears and Pinions. —^All gears and pinions in excellent 
condition. 

In regard to experience in service the operation of 
heavy trains on the Ghat sections may be mentioned. 
As already stated, trains of 1 600 tons (excluding loco-r 
motives) are taken down the l-in-37 gradients by 2 
freight locomotives. The train is controlled by regenera¬ 
tive braking, which is working very satisfactorily. Before 
this method of working was put into force, the trains 
were controlled by the train and locomotive brakes, 
and when, as frequently happened, the train brakes 
were not in good condition, the brake blocks on the 
locomotives were subjected to very severe treatment, 
and in fact became so hot that they were deformed and 
had to be renewed after a few trips. 

On the uphill journey when trains of 1 000 tons are 
hauled by one locomotive in front with another pushing 
in the rear, the conditions of operation are complicated 
by the necessity for frequent unscheduled stops on the 
gradient on account of track repairs. The two loco¬ 
motives are not in sight of each other, and it is not easy 
to signal from one to the other by whistle. The control 
of the two locomotives in unison when switching on and 
ofi calls for a good deal of skill, only acquired by extended 
experience. The only indications that the driver in the 
rear has that the driver in front is switching ofi are 
the movements of the voltmeter, ammeter, and the 
vacuum gauge. Any lack of attention or skill in handling 
the controller of the rear locomotive in these circum¬ 
stances causes a surge to travel along the train, with 
every chance of a breakage in a wagon drawbar or 
coupling. Such breakages were not always attributable 
to flaws in the drawgear, and were more frequent when 
trains were hauled uphill at the speed corresponding to 
I the parallel grouping of the locomotive motors (about 
18 m.p.h.) than at half speed with the motors in the 
series-parallel grouping. With sufficient experience 
and proper attention to method in driving, the risk 
of breakage of sound couplings is negligible, but in view 
of the present small volume of traffic, and in order to 
reduce the fluctuations in the demand on the power 
station, the working of these heavy trains up the Ghat 
sections is restricted for the time being to half speed. 

Passenger Locomotives. 

Mention has already been made of some of the operat¬ 
ing characteristics of these locomotives, in particular 
their riding qualities and their ability to work in parallel 
with the freight locomotives. Before referring to details 
of mffintenance, a few figures may be quoted of a special 
test in which a single locomotive was called Cn to haul 
a train of 14 bogie coaches (total weight, including: t^^ 
locomotive, 582 tons) from Bombay to Kasara at the 
foot of the Thull Ghat. Reference to Fig. 2 will 
that between Kalyan and Kasaxa there are long stretches 

of 1-in-lOO rising gradient, aiffi, 4^ 
does not call for any unusual efidrt from the locomotive 
for a non-stop train, the conditioris are rather severe 
with a train stopping at all stations and sometimes 
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between stations on sharp curves on the gradient. The 
train in question stopped 4 times between Bombay and 
Kalyan, and 12 times between Kalyan and Kasara, 
viz. at 10 stations and 2 outer signals. The schedule 
running time for a stopping train of normal weight is 
70-| minutes; the actual time of the test train was 
84|- minutes, and would have been about 76 minutes 
without the 2 additional signal stops. (It may be 
mentioned that as the result of electrification the total 
timing of the normal stopping train between these 
points had been reduced by about one hour compared 
with steam working.) During the special test the start¬ 
ing current per motor was occasionally as much as 
550 amperes, and no slipping occurred, except at Victoria 
Terminus. At each start after leaving the terminus, 
sand was applied to all driving wheels until the train 
moved off, after which only the leading drivers were 
sanded. On arrival at Kasara temperatures were taken 
and were as follows: Air temperature (intake to blower) 
34® C., main motor armature 74® C., commutator 84° C., 
main resistances 170® C. 

Apart from the comparatively unimportant details 
mentioned below, the experience with the passenger 
locomotives has been very satisfactory. On the electrical 
side the only troubles worth mentioning have been failures 
of lightning arrestors, and fiashing-over of the main 
motors. The former was under the circumstances not 
important, and the damage done by flashing-over was 
in most cases negligible. As usual, the causes of flash- 
over were difficult to determine; sometimes a minor 
fault in the control circuits or group switches might 
be responsible, but a more probable factor is the use of 
an unsatisfactory grade of brush which leads to deteriora¬ 
tion of the commutator surface. Satisfactory brushes 
have been found with a life of 150 000 to 160 000 miles 
per inch of wear, and the trouble of flashing-over has 
been practically eliminated. 

The commutators of the blower motors have shown 
a tendency to sparking and blackening. This is probably 
due to dust being drawn in from the floor of the loco¬ 
motive. 

On the mechanical side of the electrical equipments 
the only troubles that have occurred in 3 years have 
been bearing failures due to faulty lubrication. These 
have occurred for the following reasons:— 

(1) Entry of water into the gear case when the loco¬ 
motives were working through deep floods in 1930. 
Several bearings on one locomotive failed. 

(2) Breakage of the drive from the wheels to the 
Wakefield lubricator which supplies the motor bear¬ 
ings. Several bearings on 4 locomotives failed. 

(3) Faulty remetalling of bearings previously damaged. 

(4) Unknown cause. Two bearings on one motor 

failed. . 

At one time there were a crop of bearing troubles in 
the main drive, i.e. the combination of pinions and gears 
inside the gear case. The bearings of the intermediate 
gears and the quill bearings failed, owing to an insufi&cient 
supply of oil. As the result of a thorough investigation 
it was found that the oil used in the gear case was liable 
under certain conditions to become so viscous that it 
ceased to flow from the oil pockets into the bearings. 
The trouble has been overcome by using a lighter oil, 


but more care is needed in keeping the gear cases oil- 
tight, otherwise the loss of oil may be considerable. 

Of the mechanical parts there has been very little to 
criticize. The principal novelty, viz. the so-called 
" Winterthur" flexible drive, has been entirely satis¬ 
factory. In the driving wheels on the sample locomotive 
a number of cracked spokes were observed in the early 
days, and ultimately the wheels were replaced by others 
having slightly thicker spokes. The auxiliary bearing 
springs of the Parabo t 3 rpe, after numerous break¬ 
ages, have been removed. 

In September 1931 the first Metropolitan-Vickers 
passenger locomotive was brought into the shops for 
intermediate overhaul after having run 147 648 miles. 
The report of the examination, is too long to quote in 
detail, but it may be said that the locomotive was found 
to be, both electrically and mechanically, in very good 
condition. Repairs and replacements were confined to 
a few parts, such as Armstrong oilers; slippers on 2 axle 
boxes; 5 of the 6 quill bearings remetalled; the teeth of 
one gear wheel trimmed up with a file (the damage 
had been caused by a 4-J-in. nail and a |-in. spring 
washer found in the gear case); one plate in one main 
bearing spring replaced; main spring buckle pins, hangers 
and cotters made up to size by welding; pantograph 
parts; main motor commutators skimmed (loss of 
diameter in. on 5 motors, in. on the 6th); 
auxiliary motor commutators skimmed; a few piston 
leathers and arc cheeks in the unit and group switches 
replaced; bogie and pony wheel tyres turned. The wear 
of the driving-wheel tyres which had not run the full 
mileage (63 064, 50 688, and 99 055 respectively) was 
not sufficient to make turning necessary. 

As the result of this intermediate overhaul attention 
was directed to a number of points in the routine main¬ 
tenance, such as the lubrication of pantograph joints and 
a number of other parts which have suffered slightly 
from being allowed to get dry, and the use of the right 
kind of grease for piston leathers. With the improve¬ 
ment that will result from these alterations in the 
routine maintenance it should not be necessary to bring 
the locomotives in for overhaul more frequently than 
every 200 000 or 250 000 miles. 

The men-hours needed for this overhaul were as 
fpllows^— 

" A ” grade chargemen . - •• 400 hours 

^ C''grade chargemen .. . . 244 „ 

Leading electrical fitters ., .. 470 „ 

Mechanical fitters.. .. .. 1312 „ 

Assistant fitters ., .. .. 1 536 ,, 

Crane drivers . . .. .. 224 „ 

Machine men . . : . . . w 64 „ 

Coppersmiths or welders .. 80 „ 

Coolies .. .• .. .. 1 888 „ 

The total cost of labour and material, including Rs. 310 
(£23 6s.) for remetaUing ^ quill bearings, was Rs. 2 830 
(£212)., 

The average consuinption of oil for all purposes per 
1 000 locomotive-miles is about 50 to 55 lb.; small 
modifications in hand will bring this down, and in 
future it should not exceed 40 to 45 lb. 
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Track Equipment, 

As already mentioned, a good deal of trouble was 
caused in the early days by the unfortunate habit of 
crows of carrying about lengths of wire and building 
nests with them, especially in the braced corners of the 
track structures. The liability to produce short-circuits 
on this account was overcome by fitting adequate bird 
^ards and by introducing certain revisions of design 
into subsequent instalments of the equipment. 

After about two years* operation of the electric 
services on the harbour branch a careful examination 
was made of all the track structure foundations, and it 
was found that a few concrete blocks in more or less 
permanently damp ground showed signs of cracking. To 
investigate the extent of the damage one or two blocks 
were pulled up and broken and a certain amount of 
corrosion of the embedded bolts was then evident. In 
one case the bolts had been nearly eaten through about 
half-way down; in others the damage was slight. As 
the result of the general investigation it was considered 
that no immediate steps were necessary to safeguard 
the position beyond the fitting, in certain places, of 
spark-gaps in the earth connection between the structures 
and the rails, as mentioned above. Since then, all 
structure foundations have been carefully, observed 
from time to time, but no evidence of any serious 
corrosion has been seen, nor has there ever been a 
structure failure on this account. 

Apart froni these points, it can be said that the 
complete equipment has proved very satisfactory. In 
particular, one point may be mentioned, viz. there has 
been no difficulty about the coUection of heavy currents 
at high speeds. Before any substantial progress was 
made with the main-line scheme, this point was 
thoroughly tested with an experimental train consisting 
of a steam passenger locomotive, a pantograph coach 
and an observation coach from which the working of the 
pantograph could be seen and which carried all necessary 
instruments for indicating and recording the current 
coHected, the line voltage, and the speed. The tests 
were^ade on a suitable section of the suburban lines, 
on which the contact wire has an area of 0-25 sq. in. ' 
part of the section sheeted is straight and part on a 
curve of one-mfie radius. Various tests were made, 
mcluding the coUection of 750 amperes at 1 500 volts at 
70 to 75 m.p.h., and 1 000 amperes at 75 to 80 m.p.h. 

In each case a single pantograph was used, with a 
pressure of 28 lb. against the Contact wire. Observation 
showed tha.t coUection in both cases was very satisfactory 
specially if the fittings attached to the contact wire 
in particular the steady arms, were made as light as 
possible With long steady-arms there was a tendency 
o spark a^ each pull-off, but this was not noticeable 
where ^short arms had been substituted. A certain 
amount of sparking was experienced at special places 
such as cross-overs and knuckUng points, but tMs is 
inevi^ble and is not important. In the designs finaUy 
adopted certain modifications made to the knuckling 
points have considerably improved the coUection ^ 
Injnew of apprehensions in some quarters in this 
Gentry that extensive alterations to the signaling 
s^tem are necessary where a Hne is electrified, o^ng tl 
the usual signals being obscured by the track structuri 


it is worth mentioning that no signals on the G.I.P. 
Railway had to be altered for this reason. It was found 
that although at first drivers had a little difficulty in 
picking up the signals, they soon became accustomed 
to the different appearance of the track and knew 
exactly where to look for the semaphore arms and the 
lights. 

Substations, 

During the first year of operation of the suburban 
electrification the converting plant and switchgear in 
the Wadi Bandar and Kurla substations were subjected 
to very severe treatment on account of the short-circuits, 
due mainly to crows. Considerable damage was caused 
to the commutator risers of the rotary convertors by 
the flames resulting from a flash-over, although they 
were protected by an insulating barrier. It was ulti¬ 
mately found that the trouble was caused by the flames, 
which were blown horizontally along the commutator 
surface away from the armature, being drawn down 
and inwards through the annular opening round the 
shaft at the end of the commutator by the fan action 
of the risers. When this annular opening was closed, the 
trouble ceased. Subsequent machines were built with 
commutators of the same diameter as the armatures. 

The possibility of trouble due to vermin has already 
been mentioned. An instance of this occurred in the 
Kalyan substation in December 1928, when the 1 500-volt 
busbar arced over to the wall of the busbar chamber. 
There is little doubt that the cause was a mouse, which 
was found after the burn-up in the chamber. 

A rather more serious breakdown occurred in the 
same substation in May 1929, when, due to the failure 
of one of the 1 500-volt machine circuit-breakers to clear 
the arc formed on opening, and the consequent damage 
to the auxiliary circuit connections in the cubicle, the 
two rotary convertors of that set lost their separate 
excitation, the high-tension switch opened, and both 
^matures stopped and then ran away in the reverse 
direction of rotation. Fortunately the rest of the plant 
in the substation was not damaged in any way, and 
ser^ce was maintained by the spare set during the repair 
of the armatures in this country. Following this break¬ 
down certain modifications to the general design and 
detailed arrangement of the 1 500-volt switchge^ were 
m^e consisting effiefly in building the busbar chamber 
and the cubicles of concrete, sealing the chamber from 
^e cubicles and shielding the auxiliary circuits from the 
mam cir^it breakers. A negative circuit breaker was 
also inserted, as already mentioned 

Wn ®«bstations on the main-lme sections 

beyond Kal 3 ran there has been practicaJly a complete 
absence of trouble; this must be regarded as very satis¬ 
factory, considenng the special features of extra-high- 

regenerating convertors, automatic 
Operation, and supervisory control. 

High-Tension C<a>Us and Transmission Lines. 

Apart from two failures, one of which was due to a 
cables feeding the Wadi Bandar 
th^e^hfl^A free from trouble, and 

w cables in the tunnels 

be^een Karjat and Thakurvadi on the Shore Ghat. 
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The flashing-over of suspension insulators on the number was 27. Galvanized-steel plates have now been 
100 000-volt lines has already been mentioned; with this fitted to the cross arms immediately above the insulator 
exception these lines have been entirely free from strings, and in consequence the number of flash-overs 
trouble. The flashing-over, though annoying, is not a has been greatly reduced. Thus in December 1931 the 
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number Of ^nor disturbances incidental to the starting- 
Sious^ w "lag^tude, and has been free from 

output being sub- 
desie-ripH^+>i^ forecast for which the station was 

iSw 

principal feature of interest is the excellent result 
obtained from the supplementary oU-firing of the boilers. 

^ is given 

, 3-s anticipated, sudden and considerable, 

difl&culty as the overload out- 
Sc? ^ obtainable almost at a moment’s 

aS \ 7^® flexibiUty of operation is remarkable 
and what is specially important, is obtained at very 
price of oil fuel is naturally higher 
than the price of smaU coal, even allowing for the 
difference in calorific value. It is, therefore, essential 
that the quantity of oil used should be kept down as 
much as possible. The following figures for 6 successive 

pliSed^^^ successfully accom- 

^^9800 B^Th ut’ 

Consumption of oil, tons . .2-8, 2-0, 4-0 1-0 2-0 
(18 800 B.Th.U.) ’ V’ ^ ^ - 

No ixouble of any kind has been experienced with the 
circulating-water intake, due either to silt in the river 
or to obstructions, and it is only necessary to run the 
screens about an hour a day. 

^ will be seen from the load chart in Fig. 26 the 
return of regenerated power to the power station is not 
mfrequent. The surplus power is usually absorbed by 
me station auxiliaries, but if the input is substantially 
m excess of the auxiliary load the generators begin to 
speed up. Before they reach the limit set by the 
emergency governor, a frequency relay at Karjat closes 
and a tank resistance capable of absorbing 1 500 kW is 
connected to the overhead line. On one occasion the 
frequency relay failed to act, without, however, any 
serious results, the power-station staff opening the feeder 
circuit breakers before the rise in speed became excessive. 

Responsibility for Design and Construction. 

In the initiation and carrying out of this electrification 
scheme the successive Agents of the Railway have 
naturally taken a very important part. In the earliest 
^ges after 1918 this position was occupied by Sir Lawless 
Hepper, but before matters had proceeded very far he 
retired, and Mr. Rumbold and then Mr. Hawes succeeded 
him as Acting Agents. In April 1922 Sir R. McLean 
w^ appointed and carried through the final discussions 
with the Government of Bombay and the Railway Board, 
having already, in his position as Deputy Agent been 
m close tou(* with the matter. During his term of office, 
until he retired early in 1927, he was responsible for all 
arrangements and negotiations in connection with the 
construction and setting to work of the suburban 
^eme and for the preparation and presentation to the 
^fi^y Board of the case for the main-line scheme. 

On his retirement he was succeeded by Mr, T. Guthrie 
Russell, arid, oh the latter’s appointihent in the middle 
of 1928 to the Railway Board as Chief Commissionex of 


Railways, by Mr. D. S. Burn. Last December Mr. 
Burn retoed and was succeeded by the present Agent 
Mr. A. E. Tylden-Pattenson. 

All construction work in India has been under the 
general supervision of the Chief Engineer of the Railway 
until 1928, and Mr. E. Fraser from 
1928 to 1930. The Chief Transportation Superintendent 
Iras been responsible for operation, through his Deputy 
(Electncal) Mr. F. L. Otter, specially appointed for this 
purpose. 

The consulting engineers, Messrs. Merz and McLellan 
until September 1927, and Messrs. Merz and Partners 
thereMter, were responsible for the design of both the 
suburban and main-line schemes, for advising the Rail¬ 
way Company and subsequently the High Commissioner 
as to the placing of the various contracts, except those 
let to contractors in India, and for the supervision 
erection, and setting to work. The India Stores De¬ 
partment, under the Director, Sir Stanley Padden, was 
responsible for the administration of the contracts placed 
in this country. The consulting engineers’ chief repre¬ 
sentative in India was Mr. G. B. GiU until June 1926, 
and from then until the end of last year Mr. G. E. F. 
Webber. The site works at the power station, and the 
^reen and pump house, were to the designs of Messrs. 
Rendel, Palmer and Tritton, in collaboration with Messrs. 
Merz and McLellan. All civil engineering work, includ¬ 
ing buildings (apart from the steel framework of the power 
station) and track structure foundations, was carried out 
by Indian contractors under the direction of the Chief 
Engineer, and in particular Mr. R. Senhton of the Chief 

Engineer’s Department. 
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APPENDIX. — PARTICULARS OF PLANT AND 
NAMES OF CONTRACTORS, 
Multiple-Unit Trains. 

Contractors *.— 

Electrical equipments (63) . . English Electric Co., 

Ltd. 

Coach bodies (62; 12 ft.) .. Cammell Laird and Co. 

Coach bodies (26; 10 ft.) .. Cammell Laird and Co. 

Coach bodies (15; 10 ft.) .. Eisenbahn Lieferge- 

^ meinschaft 

Bogies (164) .. .. .. Cammell Laird and Co. 

.. .. .. Soci^tA Franco-Beige 

de 

_ mins de fer 

JL echmcal Particulars:— 


Tare weight of motor-coach ., 
Tare weight of 4-coach unit .. 


12-ft. stock 

70*1 tons 
196 tons 


lO-ft. stock 
62 tons 
(average) 
169 tons 
(average) 




SECTIONS OF THE GREAT INDIAN PENINSULA RAILWAY. 947 


Seating capacity 4-coach unit ..441 361 

Length of coach over buffers .. 70 ft. 6 in. 71 ft. 7 in. 

Composition of train unit .. One motor-coach and 

3 trailers 

Total weight of electrical equip- 51 150 lb. 
ment 

Weight of equipment on each 17 200 lb. 
bogie 

Distance between bogie centres 48 ft. 

Length of bogie wheelbase .. 10 ft. 

Number of motors per motor- 4 
coach 

One-hour rating of motor .. 275 h.p. 

Continuous rating of motor .. 250 amps, at 700 volts 

Ventilation of motor .. .. Fan on armature 

Gear ratio .. .. ., 75/21 

Degree of reduction of motor 40 per cent 
excitation 

Dia. of driving wheels .. .. 43 in. 

Voltage ratio, capacity, and 1 400/120 V.; 5*5 kW; 

speed of motor-generator . 2 200 r.p.m. 

Number of control steps— 

Resistance notches, series .. 5 

Running notches, series .. 2 

Resistance notches, parallel.. 4 

Running notches, parallel .. 2 

T 3 ^e of vacuum exhauster .. Reavell rotary, 164 cub. 

ft. per min. 

Maximum safe speed .. .. 65 m.p.h. 

Maximum speed in ordinary 55 m.p.h. 
service ^ 

Average distance between sta- 1 • 45 miles 
tions 

Maximum gradient .. ., 1 in 35 

Method of operating panto- Vacuum 
graphs 

Working range of pantographs 5 ft. 3 in. 

Freight Locomotives. 

Contractors .. .. .. Metropolitan-Vickers 

Co. 

Sub-Contractors for Mechani- Vulcan Foundry for 31 
cal Parts locomotives 

Swiss Locomotive Co. 
for 10 locomotives 

Technical Particulars :— 

Number of locomotives ..41 
Total weight of each locomotive 123 tons 
Weight per axle .. , .. 20 *5 tons 

Weight of mechanical parts .. 73*5 tons 

Weight of electrical equipment 49 *5 tons 
Length over buffers .... 66 ft. 1 in. 

Length between bogie, pivots .. 30 ft. 0 in. 

Fixed wheelbase .. .. 15 ft. 1 in. 

Overall width .. .. .. 10 ft. 0 in. 

Height over locked-down panto- 14 ft. 6 in. 
graphs 


Motor equipment .. ,. Four motors 

Wheel diameter and gear ratio 48 in.; 33/137 
Number of motors per locomo- 4 
tive 

One-hour rating of motor .. 650 h.p. 

Continuous rating of motor .. 310 amps, at 1 400 

volts 

Method of ventilation ., ., External blower and 

fan on armature 

Number of blowers .. .. Four 

Number of motor-generators .. One 
Voltage and capacity of motor- 1400-volt motor; 2-kW 
generator set 50-volt generator 

Continuous rating of each axle- 310 amps., 37 volts, 
driven generator for excita- 500 r.p.m. 
tion 

Weight of active material in 7 087 1b. 
main resistances 

Type of main resistance .. Cast iron 
Number of steps of controller:— 

Resistance notches, series .. 16 

Running notches, series .. 3 

Resistance notches, series- 15 
parallel 

Running notches, series- 3 
parallel 

Resistance notches, parallel 15 
Running notches, parallel .. 3 

Maximum degree of reduction 39*5 per cent in two 
of motor excitation steps 

Number of excitation notches 15 in each motor com- 
for regeneration bination 

Number of main contactors, in- 48 
eluding line switches 
Cam-operated switch groups 8 
and reversers 

Method of operating main con- Electro-pneumatic 
tactors 

Tractive effort on first notch of 9 200 lb. 
controller 

Type of fuse fdr auxiliary . Expulsion and cart- 
circuits ridge 

Auxiliary battery .. . , Chloride 

Number of cells, and capacity.. 24; 90 ampere-hours 

Method of operating panto- Compressed air 
■ -graphs- /. 

Maximum range of pantographs 8 ft. Q iii. 

Working range of pantographs 6 ft. 2 in. 

JTumber of contact strips per 16 ■ 

pantograph . 

Normal pressure of each panto- 24 lb., 
graph on contact wire 

Number, t37pe, and capacity of Two, rotary; 244 cub. 

exhauster ft. per min. 

Type and capacity of com- Reciprocating; 38 cub. 

pressor ft. per min. 

General arrangement of loco- See Fig. 5 
...' ■ motive 

Rerformahee curves of naotors See Fig. 6 
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Passenger Locomotives. 


M.V. locomotive 


Brown-Boveri locomotive 


Contractors .. .. .. ., I 

SulhContractorsfor Mechanical Parts I 
Technical Particulars :— 

Nuniber of locomotives ,, 
Total weight of each locomotive 
Weight per driving axle 
Weight of mechanical parts .. 
Weight of electrical equipment 
Height of centre of gravity 
Length over buffers 
Overall width .. 

Height over locked-down panto¬ 
graphs 

Motor equipment 
Wheel diameter and gear ratio. 

One-hour rating of motor 
G>ntinuous rating of motor 
Method of ventilation . 

Number of blowers 
Number of motor-generators .. 
Voltage and capacity of motor- 
generator set 
Weight of active material in 
main resistances 
T 3 q)e of main resistances 
Number of steps of control:— 
Resistance notches, series 
Running notches, series 
Resistance notches, series- 
parallel 

Running notches, series- 
parallel 

Resistance notches, parallel.. 
Running notches, parallel .. 
Maximum degree of reduction of 
motor excitation 
Method of reduction of excitation j 
Number of main contactors, 
including line switches 
'Cam-operated switch groups 
and reversers 

Method of operating main con¬ 
tactors 

Tractive effort on first notch of 
controller 

Type of fuse for auxiliary circuits 
Auxiliary battery 
Number of cells, and capacity.. 
Method of operating pantographs 
Maximum range of pantographs 
Worldng range of pantographs 
Number of contact strips per 
pantograph 

Normal pressure of each panto¬ 
graph on contact wire 
Number, type, and capacity of 
exhausters 

lype and capacity of com¬ 
pressor 

General arrangement of loco¬ 
motive 

Performance curves of motors., 


G.E.C. locomotive 


Metropolitan-Vickers Co. 
Swiss Locomotive Co. 

22 

103 tons 
21 tons 
65 • 5 tons 
37 -5 tons 
6 ft. U in. 

63 ft. 6 in. 

10 ft. 0 in. 

14 ft. 4 in. 

6 motors 
63 in.; 32/58 1st train 
48/97 2nd train 
= 1:3*66 
360 h.p. 

355 amps, at 700 volts 
External blower and fan 
on armature 
Two 
One 

1 400-volt motor; 
2-kW 50-volt generator 
10 370 lb. 

Cast iron 

15 
3 

14 


14 

3 


Brown-Boveri Co. 
Hawthorne, Leslie and Co. 

One 
111 tons 
19*2 tons 
66 tons 
45 tons 
6 ft. 1 in. 

66 ft. 2 in. 

10 ft. 0 in. 

14 ft. 4 in. 

6 motors 
69 in.; 38/123 = 1:3*24 


370 h.p. 

360 amps, at 700 volts 
External blower and fan 
on armature 
Two 
One 

1 400-volt motor; 
1-8-kW 50-volt generator 
6 500 lb. 

Cast iron 

12 
3 

12 


12 

3 


General Electric Co. 
Hawthorne, Leslie and Co. 

One 

114 tons 
20*7 tons 
69*5 tons 
44 • 5 tons 
6 ft. 6.^ in. 

66 ft. 2 in. 

10 ft. 0 in. 

14 ft. 6 in. 

6 motors 

74 in.; 23/86 = 1:3*74 


375 h.p. 

425 amps, at 700 volts 
External blower and fan 
on armature 
Two 
One 

I 400-volt motor; 
2-kW 50-volt generator 
3 900 lb. 

Cast iron 

r. 12 

3 

9 


44 per cent m two steps 35 pfer cent in two steps 30 per cent in two steps 


Field tapping 
23 


Electro-pneumatic 

7 600 lb. 

Expulsion and cartri^e 
Chloride 

24; 90 amp.-hour 
Compressed air 

8 ft. 0 in. 

6 ft. 2 in. 

16 

24 lb. 

Two; rotary; 242 cub. ft. 
per min. 

Reciprocating; 38 cub. ft. 
per min. 

See Fig. 9 


See Fig. 7 


Field tapping and shunting 
34, cam-operated 

2 

Cam shaft 

8 300 lb. 

Expulsion and cartridge 
Storage Battery Co. 

24; 100 amp.-hour 
" Compressed air 
7 ft. 7 in. 

6 ft. 7 in. 

12 

241b. 

Two; rotary; 234 cub. ft. 
per min. 

Reciprocating; 26 cub. ft. 
per min. 

See Fig, 10 


Field shunting 
48 


Electro-pneumatic 

8 200 lb. 

Expulsion and cartridge 
Chloride 

24; 90 amp.-hour 
Compressed air 
7 ft. 0 in. 

6 ft. 2 in. 

14 

241b. 

Two; rot^y; 242 cub. ft. 

per min. 
Reciprocating; 38 cub. ft. 
per min. 

See Fig. 8 
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Contractors \— 

Overhead-line equipment .. 
Bonds 


Structure foundations 


Track Equipment. 


British Insulated Cables Co. 

Etablissements Metallurgiques de Rai-Tillidres 
Messrs. Felten and Guilleaume 
British Insulated Cables Co. 

Mawson and Vernon Co. and Hindustan Construction Co. 
In suburban area by G.I.P. Railway 


Technical particulars 


Sections outside suburban 
area 


In suburban area 


Total single-track mileage (sidings and running lines).. 
Normal height of contact wire .. 

Maximum and minimum height of contact wire 

Normal sag of catenary .. 

Spacing of supporting structures 
Spacing of droppers to auxiliary catenary 

Spacing of droppers from auxiliary catenary .. 

Curves for which one intermediate pull-off structure is 
required 

Curves for which tw'O intermediate pull-oif structures 
are required 
Sectional areas of wires: 

Contact wire 
Auxiliary catenary cable 
Catenary cable .. .. 

Feeder cables ^ . 

Material of insulator 
Structures .. .. .. .. 

Catenary suspension .. .. 

Terminal strain insulators 
Cross-span registration .. .. . . 

Number and section of bonds per 100-lb. rail joint .. 


447 miles 
18 ft. 10 in. 

20 ft. 6 in. and 
14 ft. 10 in. 

6 ft. 0 in. 

220 ft. 

6 per span of 220 ft. 

12 per span of 220 ft. 
Below 4 880 ft. radius 


124 miles 

16 ft. Gin. up to Thana; 18ft. 6in. 
beyond 

19 ft. and 14 ft. 10 in. 

6 ft. 0 in. 

220 ft. 

12 per span from catenary to con¬ 
tact wire 

Below 4 880 ft. radius 


Below 1 210 ft. radius 


Below 1 210 ft. radius 


0*3sq. in. 

0‘2 sq. in. 

0*6 sq. in. 

1- 0 and 0*75 sq. in. 
Porcelain 

Grey beam section 
planted in concrete 
Two 7-in. suspension- 
type discs 
Shackle type 
Disc and loop type 

2x0* 153 sq. in. section 


0*25 sq. in. 

0*375 sq. in. 

Porcelain 

Fabricated and secured by bolts 
embedded in foundations 
Bracket and two 7-in. suspension- 
type discs 
Shackle type 

Bracket insulator with steady-arm 
and disc and loop-type insulators 
2x0* 153 sq. in. section 


Substations. 

(A) Bombay to Kalyan, 

Contractors :— 

ICquipments (8) .. ,. Metropolitan-Vickers 

Co. 

(6) .. .. English Electric Co. 

Switchgear .. .... Ferguson Pailin, Ltd. 

Reyrolle and Co. 

Technical Particulars :— 

Number of substations . . 4 (2-4 unit and 2-3 unit) 
Method of control .. .. All attended 

Number of rotary sets .. 14 

Number of machines per set .. 2 

Capacity of each rotary set, 2 500 kW 
continuous rating 

Overload capacity of eachrotary 3 000 kW for 2 hours 
set ^ 

Speed of rotaries .. .. 600 r.p.m. 

Phase voltage on a.c. side .. 550 volts 

Ventilation of rotary . Fan on armature 

VoL. 71. 


Method of protection against High-speed circuit 
overloads breakers 

Method of starting .. .. Starting motor 

Number of track section cabins 5 
Number of breakers in track 34 
n section cabins 

Method of control of breakers Breakers in the cabins 
in track section cabins o p e r a t e d by a,c. 

motors controlled 
from adjacent 
stations or signal 
cabins 


• (B) Main Lines beyond Kalyan. 

Contractors:— 

Plant, switchgear, and cabliiig British Thomson- 

HoustonCo. 

Steel-frame buildings . . Richardson and Crud- 

^\, das. Ltd." 
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Sub'Contractors :— 

Steelwork for outdoor step- 
down substation 
Step-down transformers 

22 000-volt switchgear.. 
Supervisory control gear 

Technical Particulars :— 
Number of substations 

Method of control 

Number of rotary sets 
Number of machines per set .. 
Capacity of each rotary set 
(continuous rating) 

Overload capacity of rotaries.. 

Speed of rotaries 
Phase volts on a.c. side' 

Method of protection of rotaries 
against overloads 


Method of starting 

Type of track-feeder breaker !! 

Rotary temperature relay 


Capacity of fan on rotary arma¬ 
ture 

Number of track-sectioning 
cabins 

Number of breakers in track- 
sectioning cabins 


Heenan and Froude, 
Ltd. 

British Electric Trans¬ 
former Co. 

Reyrolle and Co. 
Standard Telephones 
and Cables, Ltd, 

11 (4 triple-unit, 7 
double-unit) 

5 attended, 6 unat¬ 
tended 
26 
2 . 

2 500 kW 

4 375 kW for 1 hour; 

7 500kWfor 5 minutes 
600 r.p.m. 

560 volts 
High-speed feeder cir¬ 
cuit-breakers; mach¬ 
ine breakers operat¬ 
ing on reverse power, 
and thermal relay 
for sustained over¬ 
loads 

Starting motor 
High-speed truck type 
Relay set to give warn¬ 
ing at control point 
of any high tempera¬ 
ture which, if per¬ 
sisted in, will open 
the breakers on the 
rotary set on d.c. side 
and when machines 
are cool again will 
permit them to be 
reconnected to the 
busbars 

13 600 cub. ft. per min. 


Contractors 


Sub-Contractors ;— 
Towers .. .. 

Insulators 

Aluminium conductors 
Steel wire 

Technical Particulars :— 
Type of line 


Transmission System. 

(A) WO olt Lines, 

.Henley s Telegraph 

Works Co., Ltd. 


Milliken Bros., Ltd. 
Bullers, Ltd. 

British Aluminium Co. 
Richard Johnson and 
Nephew, Ltd. 


Voltage .. 

System of suspension .. 
Conductors per line 


.. Single circuit (except 
about 6 miles of line) 
110 000 volts 
.. Triangular 
.. Three (except on 
double-circuit line) 

bize of aluminium steel-cored 0-1 sq. in. copper equi- 
conductor valent 

Number and size of wires in Six0-186in.aluminium. 

•KT Seven 0 • 062 in. steel 

Number of earth wires ,. One 

Number and size of discs per 7; 10 in. dia. 
suspension string 

Number and size of discs per 8; 10 in. dia. 
tension string 

Height and weight ,of suspen- 68 ft. 9 in.; 4 200 lb. 
sion tow’ers 

Height and weight of angle 68 ft. 9 in.; 5 040 lb 
towers 

Height and weight of anchor 63 ft.c6 in.; 6 200 lb. 
towers 

Total length of single-circuit 272 miles 
line 

Type of road, railway, and tele- Each conductor made 
graph hne crossings off on twin sets of 

strain insulators 


Contractors:-— 

For suburban section 
For main-line section 


(B) Cables, 


4 in each cabin 
Each breaker is closed 
by energizing tl!b 
feeder it controls 
from the adjacent 
substation, its oper¬ 
ating coil being con¬ 
nected to that feeder. 
The circuit breakers 
^e opened by switch- 
iiig off all track feed¬ 
ers to the sectioning 
cabm, but in some 
cabins provision is 
^so made for open¬ 
ing circuit breakers 
by supervisory con¬ 
trol 


.. Callenders Cable Co. 
.. British insulated 

Technical particulars: _ 

Working voltage between phases 22 000 volts 
Type of cable .. .... Paper-insulatedlead- 

sheathed,andwire- 

■n. ^ . armoured 

Depth laid in ground .. .. 36 in. 

Protection in the ground .. Reinforced-concrete 

T . covers 

Dength of size and power cables:— 

Suburban .. .. .. l8-6miles;0-16sq.in. 

T\/r • 1 . 5*6miles;0*2 sq.in, 

V /• — 3.6miles;0-l4.m. 

Dength and number of cores of 

pilot cable .. .. .. 8 miles; 9 cores 

Power Station. 

Contractors '.— 

Power station foundations . . Hindustan Constrac- 
T, . , tionCo. 

Pump-house^buil^g . . . . Mawson and Vernon 

Steel-frame buildings .. . . Babcock and Wilcox 
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Boiler-house equipment and 
pipe work • 

Coal and ash plant 
Oil-firing equipment .. 
Turbo-alternators and condens¬ 
ers 

Switchgear and cabling 
Outdoor substation steelwork.. 
Unit and step-up transformers 

Pump-house equipment 

Circulating-water screens 
6 600-volt and 415-volt unit 
switchgear 
110-volt battery 
Evaporating plant 


Technical Particulars :— 
Number of boilers 
Normal capacity (coal-firing) .. 
Overload capacity (coal plus oil¬ 
firing) 

Working pressure 
Temperature of superheated 
steam 

Forced-draught motors 
Induced-draught motors 
Forced-draught motor for oil¬ 
firing 

Temperature of flue gases 
Temperature of feed water .. 
Boiler efficiency with coal firing 
Oil-fuel tank* capacity (two 
tanks 30 ft. 0 in. dia., 12 ft. 
0 in. high) 

Oil service tank capacity 
Stokers .. 


Span and capacity of engine- 
room crane 


Babcock and Wilcox 

Babcock and Wilcox 
Babcock and Wilcox 
C. A. Parsons and Co. 

English Electric Co. 
Heenan and Froude 
Metropolitan-Vickers 
Co. 

Mirrlees Watson and 
Co. 

Brackett and Co. 
ReyroUe and Co. 

Chloride Co. 

Babcock and Wilcox 
(Suh-Contractoy G. and 
/. Weir) 


60 000 lb. per hour 
105 000 lb. per hour 

270 lb. per sq. in. 

725® F. 

50 h.p. 

145 h.p. 

5 h.p. 

315® F. 

130® F. 

86 per cent 

400 tons total capacity 


15 tons each 
Two per boiler; B. and 
W. chain grate, com¬ 
partment type 8 ft. 
6 in. X 18 ft. 0 in. 

72 ft. 0 in.; 60 tons 


Number of turbo-alternators.. 
Rated capacity per turbo-alter¬ 
nator 


Frequency, speed, and voltage 
Two minutes' overload capacity 
Type of turbine 


Steam consumption on full load 
Condenser surface ,. 
Number and capacity of cir¬ 
culating-water pumps 


Type and capacity of coal¬ 
handling plant 

Type and capacity of ash¬ 
handling plant 


Number, capacity, and voltage 
ratio of unit transformers 
Rated capacity of 6 600-volt 
circuit breakers 

Number and capacity of step-up 
transformers 
T37pe of transformers .. 

Guaranteed full-load efficiency 
of step-up transformers 
Number and type of lightning 
arrestors 

Number of evaporators 
Output of distilled water from 
each evaporator 
Steam consumption of each 
evaporator 


10 000 kW (max. cont. 
rating). 3-phase at 
0*9 power factor 
(lagging) 

50 cycles; 3 000 r.p.m.; 

6 600/6 750 volts 
16 500 kW at 0 * 9 power 
factor 

Single-cylinder reac¬ 
tion-type single con-- 
denser 

10-0 lb. per kWh 
14 500 sq.ft. 

Tliree pf 16 000 gallons 
per minute against 
47 ft. head 

Two of 8 000 gallons 
per minute against 
47 ft. head 

Four belt conveyors, 
each 100 tons per 
hour 

Submerged paddle 
wheel and belt con¬ 
veyors, each 6 tons 
per hour 

5; 1800-kVA; 6 600/415 
volts 

3 000 amperes 

4; 11 000 kVA 

Single-phase oil-im¬ 
mersed self-cooled 
98*93 per cent 


4; oxide film 

Two triple-effect units 
10 000 lb. per hour 

4 300 lb. per hour 


Discussion at a Joint Meeting of The Institution and the Institute of Transport, 

28th APRift, 1932. 


Mr. F. Pick: I understand that the scheme which has 
been put into force on the G.I.P. Railway was originally 
designed to deal only with the suburban traffic of 
Bombay. Once the company had begun to electrify their 
system they soon found that the grades encountered on 
the Ghats and the problem of tunnel ventilation could 
best be dealt with by extending their electrification 
scheme. In England the Southern Railway had a 
similar experience; they started by electrifying their 
suburban lines round London, and are now engaged in 
electrifying the route to Brighton. It seems strange to 
me, as a layman, that there should be so many types of 
electrification schemes each with its own voltage and 
kind of current. The electrical engineer is always an 


enthusiast for electrification, but when he tries to convert 
his lay principals or lay colleagues, his troubles begin. 
He cannot show them that he is right in his conclusions 
as to the most suitable type of electrification to adopt. 
Perhaps, coming from the Institute of Transport to the 
Institution of Electrical Engineers, I might utter that 
one word of warning. Electrical engineers and trans¬ 
port experts will have to get together .soon to solve 
the problems of railway electrification, and I therefore 
Welcome a discussion of the subject beforehand at a 
joint meeting of our societies. 

Lieut-CoL F. A. Cortez Leigh: The fact that both 
the main lines from Kalyan have to climb over the Ghats, 
whilst leading to an extremely interesting scheme from 
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an engineering point of view, at the same time makes it 
difljcult to compare the valuable information given in 
the paper with the conditions which would apply if lines 
of the same length and traffic density were electrified in 
Great Britain. The author puts forward the claim that 
the adoption of coupled axles for the freight locomotives 
reduces the tendency to slip, and I should be glad if he 
would confirm that the weight per driving axle was 
limited to 20 tons for these as it was for the passenger 
locomotives. Could he state the limits of adhesion for 
the two tj^es under similar conditions ? A comparison 
between the draw’^ings illustrating the general arrange¬ 
ments of. the freight and passenger locomotives shows 
that some of the advantages claimed on page 919 as 
appl 3 dng to the design including coupled axles can equally 
be applied to a locomotive without this feature, e.g. in 
both designs the driving motors may be carried on the 
trucks and spring-bome and arranged with a high centre 
of gravity, the motors being well above the driving axles. 
In addition the electrical equipment, if not so easily 
divisible into two groups, can be, and on the passenger 
locomotives has been, subdivided into groups. Apart, 
therefore, from the improved performance claimed as 
regards adhesion, the main advantage of the design chosen 
for the freight locomotives of this capacity consists in 
the low-speed performance which is possible with four 
1 oOO-volt motors in series instead of six 750-volt motors. 
The information given in regard to the tractive resistance 
of the passenger locomotives is very valuable, and in 
^ew of the discrepancies which exist in regard to the 
track resistance of locomotive-hauled trains it would be 
appreciated if the author could submit a curve relating 
the tractive resistance on the level with speed, both in 
calm weather and under head-wind conditions. With 
regard to the design of the overhead equipment, it is not 
very^ clear why the double contact-wire system (a) 
requmed more maintenance than the single-wire system, 
and (5) lost after a time its initial advantage from the 
point of view of current collection. Further information 
as to the nature and extent of the maintenance work on 
he contact wire would be appreciated, and in particular 
should like to ask whether any corrosive efiects have 
been noticed due to the atmosphere, which is beheved 
to be salt-laden. What is the amount and rate of wear 
of the contact wire and of the pantograph strips in terms 
of pantograph passages? The authoris description of the 
bondmg of the structures to the rails is interesting, but 
no mention is made of the maximum potential of the 
retern rail; information as to the value of this on the^ 
suburban and main-line sections respectively would be 
appreaated. What type of material was used for the 
msularion hbtween the base 6f the structure and the 
concrete plinth, and for insulating the foundation bolts 
^d nute from the structure? I should be interested to 
know the value of the current which was found to be 
sufficient to disintegrate the concrete before these pre¬ 
cautions were adopte^^^ Turning to the section dealing 
^ according to Fig. 12 the single^ 

main-Hne section alone is 333 miles, 

&om page 935 it ivould therefore appear that the 

per sffigle-traS iSe 
bftSir relatively high, whereas the cost 

ot the alterations to ways and works (at £146 per single- 


track mile) is extraordinarily low. This suggests, as is 
indicated elsewhere in the paper, that no great difficulty 
was experienced in siting the structures. The value of 
the schedule of costs on page 935 would also be increased 
if the author would state the price of copper when the 
contract was placed. The average cost of each sub¬ 
station (£68 000) appears to be high. What arrange¬ 
ments were made for dealing with the steam locomotives 
displaced by this electrification? Has it been possible 
to absorb them in the remainder of the system, and what 
value was given to this item in the investigation which 
decided in favour of electrification of these lines ? With 
regard to operation and maintenance costs, it would be 
interesting if the author would subdivide Items 5 and (> 
in the schedule given on page 938 between suburban and 
main-line substations, and also if he would distinguish 
between manual- and remote-control main-line sul)- 
stations. With regard to the overhead equipment, the 
maintenance charges on this work include 272 miles of 
single-circuit 110 OOO-volt transmission line, and it is 
therefore impossible to allocate what is due in respect of 
track equipment alone. It would be of considerable 
interest if this figure could be made available. 

Sir Clement Hindley; The G.I.P. Railway is owned 
by the Government of India, and although up to 1925 
it was managed by a company, the capital required for 
the electrification scheme was provided by the Govern¬ 
ment. Ii was fortunate enough to be the principal 
railway adviser to the Government when the decision 
was taken to undertake the electrification of the main¬ 
line portion of the railway. The decision to spend 5| 
to 6 million pounds on an electrification scheme required 
a good deal of courage, but the Government was 
fortunate in having good financial advice, as I had as 
niy colleague on the Railway Board the late Mr. George 
Sim, to whose financial genius the Indian railways owe 
much. We were assisted by receiving from the author^s 
firm a scheme prepared in gi*eat detail and fortified by 
very complete estimates. I question the statement 
(page 911) that the G.I.P. electrification system has no 
equal m magnitude in the British Empii'e with the 
exception of the Southern Railway scheme. In my 
opmion ^e Southern Railway system is not an exception 
because it is not a main-line electrification scheme; it is 
merdy an extension of a suburban electrification. The 
G.I.P. Railway main-line electrification is the only one 
of Its kmd m the British Empire, and in view of its size 
;^ver 500 riack-miles^it is a very important scheme. 

egarding the scheme as a development of transport I 
have a record of a journey from Bombay to Poona under- 
Valentia which took 6 days. He 
by palanquin, 40 porters being engaged to carry 
and his two friends in relay? 
rl.l i Malcolm built the first road over the 
bv journey was reduced to one of 24 hours 

rhaf? ^ railway was built over the 

fi the journey was reduced to 

D«nng the next 30 or 40 years the time was 

Setion ^ by improved steam 

^ ^ the fastest electric mad 

I should Uke to draw 
^enfaon to the large size of the coaches adopted on the 
Bombay suburban railway; they are 12 ft. wide and each 
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is capable of a crush loading of 200 people. A 2-unit 
train will therefore carry 1 300 to 1 400 people. The 
problem of getting such a number of people out of the 
station before the next train comes in is sometimes a 
difficult one. The solution to the problem of providing 
an efficient transport system between Bombay and Poona 
is to some extent due to the important civil engineering 
work of realigning the Bhore Ghat section of the railway. 
This involved some heavy tunnelling and resulted in the 
elimination of a reversing station. The Ghats consist of 
a great escarpment which runs north and south down 
the west coast of India, and, owing to their position, 
the watershed between the east and west coasts in the 
neighbourhood of Bombay is only 40 miles from the 
latter. From the top of the Ghat section the plateaux 
and plains of India stretch aw^ay 1 200 or 1 500 miles to 
the east. Drainage proceeds from the top of this escarp¬ 
ment down to the mouth of the Ganges in Calcutta, and 
the rivers in Southern India. In the old days trade and 
commerce naturally followed the water, and Bombay 
was therefore largely cut off from trade with the rest of 
India for a long time after it came into our possession in 
the reign of Charles II. It was the urge to get into 
touch with trade in Central India that led our ancestors 
to make these successive improvements in the means of 
transport over the Ghats. Some figures to which I have 
recently had access show that although the traffic on the 
electrified sections of the G.I.P. Railway has not yet 
reached the expected figure, the return on the capital 
expended is satisfactory. The author points out that, 
as regards the passenger traffic, the train-miles for the 
year September 1930 to August 1931 were in the neigh¬ 
bourhood of 1 600 000, compared with the forecast of 
1 953 000 for the fifth year after opening, while the 
goods ton-mileage for the year 1931, owing to exception¬ 
ally bad trade conditions, was some 30 per cent below 
that for 1921. On the other hand, I am informed that 
on the full capital expenditure of some 5 millions sterling 
the return due to savings in working expenses can be 
shown to be 6-|- per cent if full credit is taken for the 
steam locomotives and oil and coal waggons released for 
use elsewhere. If credit is only taken for half these 
vehicles the return on capital is 5 per cent, and if no 
credit is taken the return is 4 • 1 per cent. 

X.rieut»'-Col. H. E, O’Brien: With regard to Mr. Pick's 
remark about the number of types of electrification 
schemes available, I understand that in this country a 
standard system has been definitely settled upon for use 
when the time comes for main-line electrification. 
Although it is interesting to find that the results obtained 
on the G.I.P. electrification scheme have turned out so 
closely as expected, it is obviously rather early yet to 
say that the full measure of maintenance charges has 
been met. It is to be hoped we shall be given a second 
paper in the course of two or three years which will amplify 
the results indicated in this paper, and will enable us to 
judge whether the present 61* per cent return on the 
capital will be increased or diminished. In connection with 
the design of the locomotives, the number of armature 
failures on multiple-unit trains is rather surprising. It 
would be interesting if, in the course of the discussion. 
Speakers who have had large numbers of d.c. motors 
under their charge would give comparative figures of 


armature and motor failures, as on some systems motor 
failures are practically non-existent. The gear failures 
are also of interest: on the Bombay and Baroda Railway 
an .absolutely satisfactory gear has apparently been 
evolved, and it would therefore be of interest to know 
whether the failures on the G.I.P. Railway were due to 
the administration having accepted the lowest tender, 
or whether they were incidental to one of those experi¬ 
ments which are essential to progress. In my opinion 
the slipping of the locomotives was due to the use of 
laminated springs on the individual drive; there is a 
hysteresis effect in connection with laminated springs 
which tends to cause the weights to shift from wheel to 
wheel, and gives rise to a tendency to slip which is not 
so liable to occur if helical springs are employed. On the 
other hand, helical springs are liable to cause rocking of 
the locomotive if the track is bad, and this may render 
necessary some form of damping. The author's state¬ 
ments about the track mileages are not very clear; I 
should be glad if he could state how much of the mileage 
is made up of main line, how much of sidings, and how 
much of suburban line. It would also be interesting to 
have a more explicit comparison between the costs of 
steam-locomotive and electric operation. It is a remark¬ 
able feat to have replaced 171 steam locomotives by 65 
electric locomotives. In view of the fact that the annual 
mileages are of the order of 60 000 for passenger and 
24 000 for freight locomotives, however, I should like to 
know whether the difficulties that were encountered in 
the schemes prepared in connection with the Weir 
Committee's Reports in finding suitable workings for the 
locomotives are not also encountered in the G.I.P. 
Railway electrification. In Switzerland the freight loco¬ 
motives appear to cover much larger annual mileages 
than are achieved in India. It would be interesting to 
know whether the two trial locomotives which were 
prevented from taking part in the main contract are 
running, and whether they are giving good results. In 
considering what the results of main-line electrification 
are likely to be, we have to devise ways of reducing the 
cost per engine-mile by achieving large reductions in the 
cost of repairs. Assuming that the anna is worth Id., 
the cost of repairs to passenger locomotives appears to 
be a little under IJd. per mile. I presume that the 
author's figure of £212 for the repairs per passenger 
locomotive does not include overhead charges, i.e. that 
the work was done by direct labour. This figure is 
equivalent to about |^d. per mile, and by adding general 
* charges and allowances for other contingencies we arrive 
at a figure of about IJd. per mile. The repairs cost of 
one of the large Continental a.c, electrifications was of 
the order of 2d. to 2id. per mile. The fact that the shed 
charts given in the paper are higher than the cost of 
repairs suggests that the inspeetion may have been 
rather overdone through anxiety to secure an abso¬ 
lutely satisfactory result. A hint to this effect was 
given in the paper* by Messrs. Merz and Lydall at the 
World Power Conference in Berlin in 1930. In the 
present state of electric locomotive design we ought to 
be able to produce locomotives capable of running for 
very long periods practically without inspection. A little 

♦ C. H. Merz and F. Lydall: “The Economical Operation of Electrified 
Railways,” Transactions of the Second World Power Conference, vol. 17 . 
p.234. " 
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more explanation about the cost of the shed repairs 
would therefore be welcome. With regard to the 
question of the train crew, whereas the cost of repairs 
has been brought down from about 6d. to 2d. or 3d. .per 
^e, the expenditure on train crews remains practically 
the same as it was with steam working. Although I 
have ridden a good deal on electric locomotives, I have 
never travelled on one where the second man had any 
duties to perform. I am surprised that to-day, when 
we have automatic signalling, the possibilities of con¬ 
stant telephonic communication between the driver and 
the guard, and of short-wave wireless communication 
between the driver and the signal box, route signalling, 
colour light signalling, train stops, dead man's handles, 
and many other safety devices, we are making no 
progress towards the one-man operation of locomotives. 

he Hungarian railways, which are carrying out exten- 
siye electrm<atioiir-very largely with British locomotives 
mtend (it is stated) to adopt one-man operation of the 
locomotive. Reverting to the question of the return on 
capital, it should be noted that the real question for the 
raalwa,y company is whether the return of 6i per cent 
on this capital could have been obtained by spending 
the money in any other way. It is quite clear that the 
only sums really chargeable to capital in a railway 
electrification scheme are those involved in the electrifica- 
ion of the track, plus the value of any increase in the 
tot^ haulage capacity of the aggregate locomotive stock. 
It IS a pity t^t more attention was not paid to reducing 
tte^ train resistance on the express locomotives and the 
^t trains built speciaUy for the Bombay-Poona service. 
The additional cost would have been small, and apart 
mom the economy in current consumption some very 
interesting experimental work could have been accom- 
phshed. Railway companies contemplating electrifica- 
taon will note with some satisfaction thai^as is evident 
tom the results obtained here, in Natal, and elsewhere— 
tte power consumption of an electrification scheme can 
be very accurately predicted. 

Mr. H. W. H. Richards: It would be interesting to 
know the single-track running miles on the three main 
sections of line, and also the traffic densities (in trailing 
ton-mfies) on those sections under the original steam 
conditions, since it is suggested that the single-track 
runnmg mile forms a good standard on which to base 
operatmg particulars and costs. In view of the large 
amount of multiple-unit working and the necessity for 
si^hcify and reliability, the decision to use the 
I 500-voIt system on the G.I.P. Railway electrification* 
appe^ to be very sound. In years to come, when the 
question of cheap running will be highly important and 
lo^motives will be required to go on working with the 
minimum amount of maintenance, the decision to adopt 
the 1 600-volt system, which can be used for both 
snburban and main-line work, will probably be appre- 
mated more and more by those in charge. It would be 
mterestmg to Imow whether track maintenance has 
mt^ased appreciably as a result of the use of 70-ton 
motor-coaches , which run at 66 m.p.h. with four axle- 
ome inotom. Regarding the passenger locomotive which 
^ of 21 tons on each of the three driving wheels 

Witt a maximum tractive effort of 36 000 lb., giving a 
coefihcient of adhesion of 26-6 per cent, was siSrSel 


when this locomotive slipped at Victoria terminus ? As 
regards the overhead equipment, it would be interesting 
to know whether the up and down tracks are normally 
paralleled on the positive side. The negative busbar is 
not earthed at the substations, apparently in order to 
avoid trouble tom electrolytic action. In the case of a 
1 600-volt short-circuit, is not such an arrangement likely 
to cause danger to people on the line ? I notice that the 
overhead^ transmission line was kept 300 ft. from the 
railway Ime; was this done in order to prevent inter¬ 
ference with railway communication circuits ? Was any 
cabling of communication circuits found necessary at this 
distance ? What are the daily and annual temperature 
r^ges m the part of the country traversed by the 
elect^ed section? It is stated in the paper that no 
sigi^s had to be altered due to the overhead-line 
equipment; can the conclusion be drawn that 
overhead structares in this country would cause no 
obscuration of signals ? The energy consumption figures 
appear to be very satisfactory. 

Mr. B. G. W^te: The Ghat sections are very similar 
to parts of Switzerland, but whereas the trains in 
Switzerland are propelled by energy derived from water 
power, the trains on the Ghats are operated from a 
steam generatog-stetion at Kalyan. This raises the 
mteestmg point that the Ghat sections nearest to the 
hydro-electric supply are operated tom the steam 
generating-station, whereas the suburban sections, which 
are more remote tom the hydro-electeic supply, are 
operated from this latter source. What were the reasons 
for erecting the steam station, which consumes coal 
earned many thousands of miles and, wth circulating- 
water temperatures up to 95“ R.cannot be very efficient ? 
Turning to page 935, the use of the word “ capital" here 
s^ms to me to be misleading, as scheme^ of this kind 
almost my^ably draw on both capital and revenue. 

I suggest ttat "cost of .works'* would be a more suitable 
term. Whereas the costs are given in some detail for 
the mam Ime, they are not available for the suburban 
sechons except in the form of a lump sum. Do the 
mam-toe costs include revenue and capital expenditure, 
freight, customs duty, and departmental and general 
charges; also^ have (a) credits and (&) alterations to 
e e^aphs and telephones been taken into account? If 
credits were^Iowed, they should have been shown 
separately. Those of us who are engaged in this branch 
of mg^eering should do all in our power to reduce the 
cost of equipment. For instance, £10 saved on a mile 
equipment would result in a saving of more 
than half a nulhon pounds sterling over the 51 OOO miles 
referred to in ttoWeir Report. Much might be gained 
the standards hitherto adopted, 
and I think ttat we should foUow Continental prmtice 
and ensure that the expenditure falls as the reliability 
of plant mcreases. A lead in this direction has already 
been ^ven by the Electricity Commissioners and the 
Central Electecity Board through reductions in the 
factors of safety. 

E. H. Croft: The atmospheric conditions through¬ 
out the area m which the electrified sections of the G.I.P 

Railway are operating give rise to great changes in 

temperature and a high value of humidity. Bott the 
express and tte ordinary passenger locomotives utitor 
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electro-pneumatic control, and I should therefore like to 
know whether any difficulties have been experienced in 
connection with excessive water condensation in any of 
the control or brake parts, and whether it has been 
necessary to introduce any additional apparatus over 
and above that which is supplied normally to overcome 
this trouble. In connection with coupling-rod drives 
(page 919), the author states that ''the dead weight per 
axle is kept down to the lowest possible figure.'" The 
coupling rods represent a very appreciable dead weight 
in themselves, and such balance weights and pins as are 
required in conjunction with them also represent dead 
weight. While this is not equal to the unsprung mass 
of a motor which is axle-hung, it would appear that it is 
definitely greater than that of the unsprung parts of a 
quill drive. It would be interesting if the author would 
state whether, with the type of drive indicated, this 
is the case. The necessity of coupled wheels where 
regeneration is adopted is well known, and I should like 
to know whether the author would have utilized the 
same type of coupling-rod drive had regeneration not 
been introduced. I consider that the maintenance cost 
of such drives is high. Although the author states that 
in the freight locomotives the trucks were not articulated, 
at the reading of a recent paper, by the late Mr. 
Twinberrow,* designs were shown which indicated that 
the trucks were articulated in a special manner, i.e. from 
a rotation point of view, but not from a longitudinal 
point of view. This I regard as an undesirable feature, 
and I believe that the author has stated that locomotives 
with this articulation eliminated have proved more 
successful than those with articulation. Can he give any 
further information on this point? The figures for the 
train resistance of passenger trains are interesting: has 
the author fqund that the train resistance drops after a 
period of continuous running? Three express passenger 
locomotives were supplied, and apparently these were all 
satisfactory. Two of these locomotives have a sym¬ 
metrical wheel arrangement, and the third (that of the 
Swiss Locomotive Works) has an asymmetrical wheel 
arrangement. It would be interesting if the author could 
give some particulars of the travelling properties of these 
three locomotives at high speed. Regarding the 
multiple-unit coaches, the number of delays per thousand 
train-miles due to the electrical equipment seems to be 
high. Table 9 shows that on two occasions multiple- 
unit trains caused traction-supply failure, i.e. the fault 
was of such a character that the circuit breakers at the 
substation operated before the protective apparatus on 
the train. It would be interesting to know the most 
common cause of faults and the form of protection 
adopted on the trains. 

Prof. J. K. Catterson-Smith {communicated): A 
striking feature of the G.I.P. Railway electrification 
scheme is that the large hydro-electric stations operated 
by the Tata Companies are utilized for motive power to 
the extent only of serving the section between Bombay 
and Kalyan. Beyond this point power is derived from 
the 50 000-kW thermal station at Kalyan, built for the 
purpose at a cost closely approximating to a million 
pounds sterling. Fuel for the station is brought by rail 

* J. D. Twinberrow: “The Mechanism of Electrical Locomotives,” Pro- 
ccedings of thd Imiitution of Mecftanical Engineers, 1082, vol, 122, p. 51. 


from remote sources at great cost. The coal mined at 
Kargali costs about 5s. 6d. per ton at the pit, but on 
account of handling its price has increased to about 
18s. 9d. per ton by the time it reaches the power station. 
One can only suppose that had the Bombay hydro¬ 
electric stations been under State or railway control the 
total power requirements would have been met by them, 
thus avoiding one large item of capital expenditure. 
With regard to the troubles caused by birds, I understand 
that in one week the short-circuits occasioned by their 
activities caused the buming-out of a number of rotary- 
convertor armatures. As to the large "crush hour" 
capacity of the G.I.P. Railway vehicles, those who have 
seen the conditions under which the Indian passenger 
travels will agree that he wastes no space. At the same 
time it is to be hoped that something may be done to 
improve these conditions, which do not make for comfort 
or health. The converting equipment for the railway 
was ordered before the mercury-arc rectifier had proved 
its suitability for traction, but presumably future 
extensions will be operated by plant of this type. I 
understand that the G.I.P. Railway has gained a large 
amount of valuable experience of the fioodlighting of 
railway yards, and I should be glad of some information 
on this point. 

Mr. F. Lydall {in reply): Mr. Pick is surprised that 
there should be so many types of electrification schemes, 
each with its own voltage and kind of current. So far 
as this country is concerned, I think everyone will agree 
that for all practical purposes only one t 3 rpe of current 
need be considered, namely direct current. Further, 
the committee appointed m 1927 by the Minister of 
Transport recommended that the voltage should be 
either 600 or 1 500 volts, although with the approval of 
the Ministry 3 000 volts might be used in exceptional 
circumstances. Thus in this country there is a choice 
between only two alternatives, and for any particular 
project there should be no difficulty in deciding between 
them. 

I will ^ endeavour to meet Colonel Cortez Leigh's 
request for further particulars, so far as the information 
is available. With regard to the weight and adhesion 
of the driving axles of the freight and passenger loco¬ 
motives, the weights are given in the Appendix and the 
general question of weight and adhesion is dealt with in 
the last paragraph of page 921. No precise figures are 
available for the exact limits of adhesion of the various 
locomotives. Freight locomotives are able to exert 
a tractive effort of something over 80 000 lb. on dry 
unsanded rails, corresponding to an adhesion coefficient 
of about 1 to 3J. The best record for the passenger 
locomotives shows that these are able to exert a tractive 
effort of about 35 000 lb. on sanded rails without slipping. 
With a total weight on the drivers of 63 tons this cor¬ 
responds to a coefficient of about 1 to 4. As it was 
impossible to state in the paper the tractive resistance 
of the passenger locomotives, I am unable to give a 
curve showing the variation of the tractive resistance qn 
the level with speed under different weather conditions; 

Replying to the questions relating to the track equip-p 
ment, the double contact-wire system gives excellent 
results when both wires are in perfect adjustment both 
individually and relative to each other. Comparatively 
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close adjustment must be maintained to ensure sparkless 
collection, particularly in special work where two wires 
tend to complicate the wiring, and naturally the adjust¬ 
ment of tw’o wires relative to each other involves more 
maintenance time than is required for one wire. As 
regards the subject of corrosion, the smaller fittings are 
of non-ferrous material. Where ferrous fittings are 
used they are protected in the main by hot galvanizing, 
and, to some extent, by sherardizing, “ schooping,*' or 
other processes. The results are conflicting; some of the 
galvanizing is still standing up well after sev’^eral years, 
while in other cases there has been intensive corrosion. 
Wherev’er practicable, e.g. when making replacements, 
the use of non-ferrous material has been extended. 
The average w’ear on the suburban lines after some 
3| years’ running is equivalent to 0-0256 in. reduction 
in the vertical diameter per 120 000 pantograph passes. 
This excellent result is also reflected in the mileage 
obtainable from the pantograph strips. The insulation 
used at first for certain structures on the suburban lines 
was impregnated fibre, and subsequently, when this 
was found too soft, bakelized canv^as board was adopted. 
On the main lines the anchor structures were insulated 
with white fibre sheet coated on site with bituminous 
paint. 

A few tests have been made from time to time on the 
potential difference between the track rails and earth. 
This naturally varies on different parts of the system 
depending on the number of tracks, the traffic density! 
and the distance between substations. Probably the 
highest figures are to be expected on the Harbour 
branch, which has only two tracks, and where there is 
considerable traffic during the morning and evening rush 
hours. The distance between the substations at Wadi- 
Bandar and Kurla via the Harbour branch is 8 miles. 
Tests taken at Sewri, 5 miles from Kurla, showed that 
the average potential difference from rails to earth 
^tween 9 0 and 10.30 a.m. was 7-7 volts; at Gowari, 

% miles from Kurla, the average potential difference 
between 8.30 and 11.0 a.m. was 4-9 v^’olts. 

^ In regard to the cost of the track equipment, the main- 

of single-track equipment, 
the particulars of which are given below. On this basis 
the cost per mile works out at much less than £4 700 
X am unable to give complete information as to the 
ffisposal of &e steam locomotives displaced by electiifica- 
oi these locomotives have been 
tansfeixed to other railways, but beyond that I have no 
information. The question of what value should be^ 
locomotives in the investigftim 
electrification was sanctioned was 
. ’ Z ^ aware, finally settled The 
^timates showed that the electrification scheme would 

^^^en for the 

value of the displaced steam locomotives 

costs of maintenance 

^sts of the various types of substations or of the track 

' X'lrf fWgh-voltage transmiSion 
pie whole of this work is carried out by the distrihnt;^ 
depaxteent, and the costs are not se^Sed 

Colonel O’Brien’s question in regard to 
tte track mileages, the respective figures im- 


suburban 124 miles. These figures are given in the 
Appendix as revised for the Journal. Included in the 
447 miles there are 293 miles of running track equipped 
with 1 sq. in. of copper, 46 miles of running track in the 
suburban area equipped with 0-625 sq. in. of copper (of 
which 36 miles had already been equipped with structures 
under the suburban contracts), and 108 miles of sidings. 
Included in the 124 miles of equipment for the suburban 
scheme are 29 miles of sidings. 

The two sample locomotives supplied respectively by 
the General Electric Co. and Messrs. Brown, Bo verb 
and Co., are giving good results. They are run in just 
the same way as the 22 locomotives supplied by the 
Metropolitan-Vickers Co. 

I have given above the information asked for by 
Mr. Richards in regard to the mileage of single-track 
running lines. It is not so easy to give particulars of the 
traffic densities on the various sections under steam 
conditions, as some of the lines have only been in use 
since electric operation started. For the main-linci 
traffic, the gross ton-mileage of goods trains in the year 
1922-23 was about two-thirds, and the passengcr 
train-mileage about 85 per cent, of that given in Table 4. 

In reply to Mr. Richards's question as to track main¬ 
tenance, while there has been some increase in the wear 
of the rails at certain points since electric working I 
started, taking the track as a whole the extra wear is 
not considerable in view of the increase in the ton- 
mileage of trains passing over the lines. 

^ In the test mentioned in the paper, during which a 
single passenger locomotive hauled a load of 480 tons 
from^ Bpmbay to Kasara, sand was not used when 
shpping of the driving wheels occurred as the train 
started from Victoria terminus. 

Throughout the electrified area the oyerhead lines 
for the up and down tracks are paralleled on the positive 
sic^^ both at the substations and at the track-sectioning 
cabms There has been no indication that the arrange¬ 
ment of the negative busbars, which are connected to the 
rtack rails but are not earthed at the substations, is 
likely to cause danger to people on the line. The over- 

separated by not less than 
dUOit. from the railway line in order to guard against 
mterference^witt the railway communication circuits; 
toe scheme has been successful to the extent that it has 
not been found necessary to cable any of these circuits. 
conriLjlw temperature ranges differ 

and another. In 

tofn temperature is seldom more 

co^f^.i, Farther up 

ZSn / greater; on the Ghats thl 

maxim, m as low as 40“ R, with a 

m^mum sun temperature of 130° R 

not foml n^ Railway it was 

to signals in order 

this nece<!c;,> the track structures, 

in tn! °° Fnes similarly equipped 

trials withouf a ^ during preliminary 

tnais without any difficulty being experienced 

yona the suburban Imes was considered by the Railway 
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Board and the Railway Company. There were some 
negotiations with the Tata Companies, but I understand 
that at that time, when conditions were very different 
from what they are now, there was some doubt whether 
the Tata Companies would be able to meet the demand 
or could guarantee priority of supply in the event of 
a shortage of water following a bad monsoon. For this 
and other reasons it was decided that a special railway 
power station was necessary. 

In the figures of costs given in the paper the w^ord 

capital may be, as Mr. White mentions, somewhat 
misleading. Actually the figures given on page 935 
should be referred to as '' the gross cost,'* because no 
allowance is included for any credits on account of 
displaced locomotives and other material. However, 
the figures include all other items of cost, e.g. alterations 
to telegraphs and telephones, freight, customs duty, and 
other general charges. 

In reply to Mr. Croft, no special arrangements were 
made in the design of the various locomotives to deal 
with excessive water condensation in the control and 
brake parts, and I am unaware of any experience to 
show that such special arrangements are necessary. 
I regret that I am unable to give precise figures which 


vrould show whether the so-called articulation between 
the trucks of the freight locomotives has been beneficial. 
In one case, as Mr. Croft mentions, the wear of the tyres 
on the locomotive from which the articulation had been 
removed was rather less than on other locomotives, but 
it would hardly be reasonable to conclude from this 
isolated case that the articulation was definitely harmful. 

The results of the various tests which have been 
carried out to ascertain the resistance of passenger trains 
fail to show that this resistance drops after a period of 
continuous running. Of the three types of passenger 
locomotives, while there is some slight observable 
difference in the running at high speed, it would be 
difficult to say that any one is markedly better than 
the others. 

It is not easy to form a conclusion as to the principal 
causes of the short-circuits that occur from time to 
time on the multiple-unit trains. An analysis of the 
operating records shows that the short-circuits arise from 
a variety of causes, as in all other trains of this type. 

In reply to Prof. Catterson-Smith, I am unable to give 
any information as to the experience gained by the 
G.I.P. Railway in connection with the flood-lighting of 
their railway yards. 
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THE VARLEY BROTH^S: CROMWELL FLEETWOOD VARLEY AND 

SAMUEL ALFRED VARLEY. 

By Lieut.-Col. A. G. Lee, O.B.E.. M.C., B.Sc., Member. 


Introduction. 

It is generally recognized that considerable benefits 

it is 

said history repeats itself,” and we are supposed to 
learn from past events something which will guide us 
on the trackless plains of the future. Ordinary history 
however, consKts largely of records of war interspersed 

principal difference between 
these two is that one consists of " battle, murder and 
sudden d^th,” and the other is “ envy, hatred, and all 

unchantebleness.” We can but hope that history of 

to sort will not repeat itself, and we can be certain 4at 
m to future, events of scientific discovery and invention 
be of greater importance in controlling the course 

of to world’s affairs. For this reason it I incuSt 

upon us to record these events and to set forth for future 
gen^rtons the progress of science and engineering. 

There is, however, one important difference between 
or^^ toory to scientific history: historical events 
fL- kmd were, as a rule, personal to an 

individual or ^oup of mdividuals; toy could not have 
ton performed with to same effect by anybody else 
In scienMc history on the other hand, a dLovery if 
It to not been made by one individual, would almost 
TOrtainly have been made by another, for scientific 
discovery is the discovery of truth. 

We can, however, honour the men who make these 
toff we can gain inspiration from toff lives, 

toir methods, their successes, and their failures. Only 
those who have attempted to do some pioneering work 
m science or enj^neermg can realize the trials to 
tabulations of work on the frontiers of knowledge, and 

^ one-hundredth anniversary of 
of Samuel Alfred Varley. and when 
invited to prepare a short lecture on his life and worl^ 

I suggested tot it might be as weU to include an account 
to brother, Cromwell Fleetwood Varley. Both 
in telegraphy at to same 
penod, and betaeen their efforts tore was considerable 

mi^ *^® and subsequently. So 

much ttus to case that in a letter from S. A. Varley 
to m^ Electncal Review* in 1889, he refers to a paper 
read by hun at the Society of Arts in 1869, " wMch 
S-oS 1?”® ^*tention at the tiine, and which led to his 
Se 1 ,*^® of electrical engineer to 

+Ti ^ ®grapli Co. (the offer being accompanied 

SrSf own saEiry).” 

Some effort has ton made to clear up the contoiU 

Electricat Jieview, 1880 , vol. 26 , p. 485 . 


betaeen the work of the two brothers, but if it has 
failed m any particular instance it is hoped that the 
enror may be set down to the difficulty of settling ques¬ 
tions of authorship at this late date. 

The brothers belonged to a family which for several 
generations h^ been interested in scientific to artistic 
purraits, to it may be desirable to sketch in briefly the 
background from which toy sprang. Their fator. 
Cornelius Varley (1781-1873), was trained in the labora- 
tory of his uncle, Samuel Varley. but he also became 
distmguished as a painter and was, with his brother 
John, one of to founders of to Water Colour Society. 
Comehus was the son of Richard Varley, a man 
of some mechanical abiUty and considerable scien- 
;Mc attamments. The uncle of Cornelius, Samuel 
Vtoey was a leading scientist of his day. He was 
mterested m chemistry and other sciences, and as he 

170 ^ !®^?® for his experiments he took, in 
94, the celebrated Hatton House which had the reputa- 
tion ofr bemg haunted. Here he earned on his work 
to with some friends founded a " Chemical and Philo¬ 
sophical Society,” of , which Josiah Wedgwood, among 
otors, was a member. The members qf this society 
afterwards formed the Royal Institution in 1800. Earl 
Stohope, who was a patron of the Hatton House 
lectures, persuaded Samuel Varley to join him; the 
lectures thus came to an end and the Royal Institution 
Sprang into existence. 

Cornehus was in his uncle’s workshop at , to age of 
t*^^® ®^® himself a microscope, 

r^?T^® He was awarded 

the Gold Isis Medal of to Society of Arts for his lever 
mcroscope, and m 1861 gained a prize medal for his 
graphic telescope. He contributed a number of land- 

trTSw*° Society and exhibited up 

to 1859_at to Royal Academy. In 1821 Cornelius 
m^ed Elizabeth Straker. a cousin of Miss Barnard, who 
became the wife of Michael Faraday. 

Comehus was an extraordinary mixture of artist 
meclramcia^ and scientist, being prominent in each 
toection. He dehvered the fourth Friday-evening 
iscourse at the Royal Institution in 1826, Faraday 
having dehvered the first of these lectures. He was a 
^omment membOT of the Society of Arts, the Royal 
Microscopical Society, the British Association, to Water 

Colour Society, to the Royal Institution 

f^y axe justly proud of their connection twth 
Ohver CmmweU, through his daughter Bridget, who 
maxne^ Ge^ral Fleetwood. The mother of Comehus 
was a Miss Plee^ood, and the iiames CromweU, Fleet- 
wood, and Ireton, are found sprinkled among the 
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generation of the present century. S. A. Varley was 
known in his family by the name Alfred and he was 
much inspired by the fact that the later years of his life 
were spent at Winchester, the city of Alfred the Great. 

Cornelius and his family were Sandemanians, and 
Cromwell and Alfred both attended the meeting-house 
about which we heard during the Faraday Celebrations, 
and which subsequently became the North” telephone 
exchange. The Varleys looked upon Faraday with 
reverence in his dual capacity of religious teacher and 
scientist. They were indeed fortunate in being so closely 
associated with him in their early years. 

The boys divided their pla 3 rfcime hours between their 
father’s laboratory and his studio. Games of the 
ordinary sort were unknown to them, but they took 
great delight in experimenting with magnetism and other 
electrical phenomena, or grinding lenses for microscopes. 
The simple home life of the boys, with the inspiration 
they obtained from their father, prepared the way for 
their persistent, methodical, and patient work of later 
years. No distractions were allowed to interfere with 
their labours, and meditation became a habit. 

There is one other member of the family to whom 
reference should be made, John Varley (died 1842), 
already mentioned as one of the founders of the Water 
Colour Society. John was a particularly successful 
water-colour painter, earning, it is said, in his palmy 
days over £3 000 a year. In addition to this success he 
was even more famous as an astrologer, and he is said 
to have cast a horoscope for his two nephews, Cromwell 
and Alfred, which ran somewhat as follows:— 

He predicted*^ for Cromwell a speedy recognition by 
the world of his scientific attainments and that he 
would die rich. Alfred on the other hand would not be 
honoured until his old age. His career would synchro¬ 
nize in a wonderful way with the destinies of his country, 
and in the later part of his life England would be 
engaged in a great struggle from which she would either 
emerge victorious or go down for ever. 

As we now know, success came to Cromwell but not 
to Alfred, The latter fretted all his life through the 
neglect of his scientific contemporaries, and he only 
received scientific recognition when, in 1894, a move¬ 
ment was set on foot to obtain for him a Civil List 
pension. He lived until 1921, so that he saw England 
emerge victorious from the Great War. 

For those who believe in horoscopes this little history 
may seem soihething more than a mere coincidence. It 
is also interesting as an example of the workings of 
heredity, astrology in one generation cropping out as 
scientific attainment in the next. Samuel Varley, the 
uncle of Cornelius, practised astrology, as also did 
Cornelius until he joined the Sandemanian sect, after 
which he thought it wrong to attempt to forecast the 
future. It was probably the blending of strong imagina¬ 
tive tendencies with scientific training which made the 
subjects of this discourse devote their lives to invention 
and the improvement of science. 

Cromwell Fleetwood Varley, F.R.S, (1828-1883). 

Cromwell Varley’s early training and the example of I 
his father gave him a taste for experimental work, which I 


was destined to bear ample fruit in his later years. It 
is not surprising, therefore, that at school he found 
lessons irksome and that he took more interest in 
experimenting with such things as batteries than in 
performing the daily tasks. He was of good physique, 
and his skill in swimming enabled him to save the lives 
of five persons, for which he was presented with a 
testimonial by the Royal Humane Society. He was on 
board the steamer ** Cricket ” in 1847 when the boiler 
exploded. ^ He was covered in an instant with steam and 
red-hot cinders, but without hesitation jumped over¬ 
board, sustaining no injury beyond spoiling a suit of 
clothes. 

In 1846 he entered the service of the Electric Telegraph 
Co., and two years later was appointed assistant to the 
superintendent of outdoor work. This was before the 
days of gutta-percha insulation, and CromwelT appears 
to have developed special abilities for locating the 
numerous faults and repairing the wires. This early 
experience was responsible for his devoting his attention 
to the science of testing, of which his construction of 
j condensers, resistance coils, and the discovery of the 
famous loop test, were the outcome. 

The introduction in 1847 of gutta-percha-covered 
wires with their improved insulation gave Cromwell 
the opportunity of observing whether insulated wires 
could hold a static charge. With his brother Alfred he 
experimented with a 10-mile length of gutta-percha- 
covered wire, and concluded from these experiments 
that the condenser effect of the wires would offer serious 
obstacles to the transmission of signals over long dis¬ 
tances. These views were not accepted by the company, 
which proceeded to establish long underground circuits 
between London, Birmingham, Manchester, and Liver¬ 
pool. On the completion of these circuits the difficulties 
predicted by Cromwell were met with, and Faraday was 
called in to overcome them. Cromwell, however, had 
the honour of finding a solution in his so-called double¬ 
current ” system, in which a positive current to line 
was always succeeded by a negative current to counteract 
the charge on the wire. His first patent* covered the 
invention of a double-current key which earthed the line 
wire for a short interval between the application of the 
positive and negative currents. This system overcame 
all the difficulties. Cromwell was soon after appointed 
telegraphic engineer of the London district, and thence¬ 
forth became practically the electrical adviser to the 
company. 

In August 1850 the first submarine cable was laid 
between England and France, It lasted only a few 
hours, but in this time messages were exchanged, one 
being sent to Louis Napoleon Buonaparte. This led to 
a rapid development of submarine cables in various 
parts of the world, and eventually a project was formed 
for laying a cable across the Atlantic. In 1856 liie 
Atlantic Telegraph Co. was founded with this object. 

It is difiicult to realize at this date; the almost insuper¬ 
able obstacles which these early pioneers had to face. ^ 
Nothing was known of the stresses to which a cable was 
liable in: paying otit or picking up, the best methods of 
testing to ensure absence of faults, the possibilities of 
corrosion, or the risk of damage by seaworms and by 

.* Patent Nb. 371—185C : ; 
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chafing on rocks. All this knowledge had to be dearly 
bought. 

The first attempts at laying an Atlantic cable were 
made by H.M.S. " Agamemnon ” and U.S.S. " Niagara " 
in 1857 and 1858: owing to cable breakages these attempts 
were unsuccessful. On the 5th August, 1858, however, 
a cable was successfully laid and communication estab¬ 
lished. Although communication ceased on the 1st 
September, 732 messages had been exchanged in the 
meantime, thus proving the possibilities of the system. 
Before the cable broke down, the British Government 
had time to countermand the departure of the 62nd and 
the 39th Regiments, which were about to leave OanaHs for 
Bngland, thereby saving about £50 000. This circum¬ 
stance called popular attention to the advantages to be 
derived from telegraphic communication between distant 
lands. 

The cause of the interruption was never precisely 
ascertained. Blame has sometimes been attached to 
the electricians for using induction coils 6 ft. in length 
to apply currents to the cable. Whatever the cause, 
Cromwell Varley, who had assisted in the investigation 
of the defects, became electrician to the company in 
succession to Mr. Whitehouse. In 1860 several attempts 
were made to raise the cable, but these were abandoned 
owing to the bad condition of the sheathing wires. The 
failures of the Atlantic Telegraph Co. and the Red Sea 
and India lelegraph Co. led the Government to appoint 
a committee in 1859 to investigate the whole question 
of submarine telegraphy. Half a million of money had 
been sunk in the Atlantic, and public confidence in the 
pra<^cability of submarine telegraphy had been shaken. 

The report of the committee (on which Cromwell 
represented the Atlantic Telegraph Co.) stated that the 
failures of the submarine cables were due to causes which 
could have been foreseen and recommended the condi¬ 
tions to be observed in the specification, manufacture 
laying and maintenance of cables. The report was 
published as a Parliamentary Blue-book. Sir Charles 
Bright, in his presidential address* to the Society of 
Telegraph Engineers, referred to this report as "the 
most valuable coUection of facts, warnings, and evidence, 
r^lfs " compiled concerning submarine 

By 1865 a considerable amount of fresh information 
on caWe-laying was available. The Admiralty had sent 
expeditions to e:^lore the Atlantic bottom, and the 
problems involved in the construction and 
y o of cables had been the subject of continua? 

and study. Capital was obkined with soS 

eventually all was ready for a fresh effort. 

SsS tn^S 1865, the S.S. "Great Eastern 
(22 600 tons) mth Captain Sir James Anderson in 

as engineer, and Mr. De Sauty 
Sir _Wilh^ Thomson, and CromweU Varley, as elS- 

Ame^: Pa^ng out cable from Valentia towards 

first faifit bemg experienced after 84 milA« had been 

wmcn.wM found to have been caused by a piece of iron 

SSr Tielfolef h ^ ^ 29th July, 

after 716 miles had been paid out, another fanlt-cmised 

* 1887, voL 16, p. 32. 


by the same kind of defect as the first—^was encoiuiterecl. 
A third fault occurred at 1 186 miles: this time the cable 
had to be picked up in a depth of 2 000 fathoms, and 
1 mile only had been recovered when an accident hajv 
pened to the picking-up gear. The great ship, having 
stopped, was at the mercy of the wind and waves, an<.l 
the cable was subjected to considei*able stresses. Before 
the faulty portion could be secured on board, the cablt^ 
parted and sank. An endeavour was made to pick it 
up by means of a grapnel, but although the cable was 
hooked a number of times the rope gave way on each 
occasion, and eventually the stock of grappling rope 
on board was used up. As a result the expedition liad 
to give up hope and return to port. 

To overcome financial difficulties the Atlantic Telcv 
graph Co. now became amalgamated with the Anglo- 
American Telegraph Co., which was formed for tJu'^ 
purpose of raising fresh capital for the next venture. 
On the 30th June, 1866, the Great Hastcrri " sailed 
from the Thames for a further attempt to span tlie 
Atlantic. This time Cromwell Varley remained fit 
Valentia as electrician. On the 13th July the ship 
commenced paying out the cable and with only a few 
minor accidents she arrived off Heart’s Content, New¬ 
foundland, 14 days later, bringing the expedition to a 
successful conclusion. 

The Great Eastern ” sailed again on the 9th August: 

about 

600 miles from Newfoundland. After several weeks 
of failures, during which the store of grappling ropers 
steadily diminished, the cable was hauled aboard. 
Tests showed the cable to be sound, and immediatelv 
afterwards, in response to the ship’s call, a reply Wcis 
received from Valentia. The recovered end was spl ic(. I 
and the ship paid out anew towards l^fewfoundlaiul 
completing the laying on the 8th September 
Never before in the histor>^ of science had there been 
a like example of patient and persistent endeavour in 
the overcoming of such enormous difficulties, and these 
^ y pioneer set an example of courage and resource 

StaJ'SeS'” * 

William Thomson and Cromwell Varley entered 
roto partnership at this stage as consulting engineers 
They were jomed later by Fleeming Jenkin, and the 
Sid^ patents of ITiomson, Varley, 

a that Cromwell devoted 

mfnf anH n ^**®“**°*' science of exact measuro- 

Sld He .T this 

fo one condensers and resistances, and 

m one of his early patents on this subject he refers to 

the instfnre^c®' r'J” British Association, at 

tte instance of Str Charles Bright and Latimer Clark 

fomed a committee with the object of determining a 

t£°comSS°^?T-®^’'“*®- CromweU served on 
of thS determined the.value 

list rf Journal* of 1864 gave a 

^t of 11 different kinds of resistance units which were 
m c^nt use at that time. Varley's unit was eSvaTent 
resistance of a particular piece of copper wire 
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inch in diameter and 1 mile in length. Later, in 
1881, the first International Electrical Conference was 
held in Paris, and Cromwell Varley took part in the 
deliberations. This and later conferences in 1882 and 
1883 determined upon the adoption of an international 
system of units based on the C.G.S. system, and prac¬ 
tically identical with that which had been in use in 
England. 

The famous Varley loop test was patented by C. J. 
and Cromwell Varley in 1859. As originally devised it 
employed a differential galvanometer in place of the 
Wheatstone bridge which is now used, but the principle 
of putting the fault at one of the points of balance and 
thus eliminating the effect of earth polarization was the 
essential and valuable part of the invention. A Varley 
testing set was still in use in 1899 at Mallow, Ireland, 
at the testing point of the Western Union circuits to 
America, and another was still in place at Limerick up 
to a few years ago. The Varley slide resistance was 
another of Cromwell’s inventions: in it a derived or 
potentiometer circuit was placed across two coils and 
a tapping point on the shunt circuit allowed a finer 
subdivision to be obtained. This invention has played 
a prominent part in submarine cable testing. 

In 1867 Cromwell was asked to report on the 
condition of the lines of the Western Union Co. of 
America. A copy of this report, engrossed in a beautiful 
and rather unusual st 5 de by the late Mr. J. D. Reid, is 
still in the possession of the company. i:he rei>ort 
bears the signature Cromwell Fleetwood Varley, • and 
contains various,appendices, tests, and suggestions. 

Cromweirs activities in telegraph and other sciences 
covered a very wide field. He devised in 1861 a 
double-shed insulator for telegraph wires, with a view 
to obtaining ^'better insulation in wet weather. He 
invented a galvanometer with a coil as the moving 
element, the coil being mounted with hairspring connec¬ 
tions. The relay which bears his name, patented in 
1856, utilized the principle of an armature magnetized 
from an external magnet, which had been introduced by 
Siemens in 1851. This type of relay is still employed in 
telegraphic work. Cromwell designed one of the first 
telegraph repeater sy.stems, and his mill" repeater, 
in which a small windmill was introduced to provide a 
delay action, was installed in 1856 at Amsterdam for 
the purpose of converting from his double-current 
system to the Continental single-current system. He 
invented a vacuum lightning protector, wliich was 
patented in 1861 and is now on exhibition at the Science 
Museum, South Kensington. He patented a static 
electricity machine, but this was superseded by the 
invention of the dynamo. In 1862 he patented the use 
of an artificial line in submarine cable work, basing 
his system on that described by his brother Alfred in 
1859 before the Society of Arts. Cromweirs apparatus 
was demonstrated to the Royal Institution in 1867, but 
was only used for the purpose of testing the terminal 
apparatus of submarine cables, and when the invention 
of duplex was applied to submarine cables by Steam 
In 1873 the Varley artificial line was used for the purpose 
of balancing the cable. In 1870 Cromwell invented the 
cymaphen,'' a kind of harmonic telegraph in which 
tuning forks were used as the sending elements and 


vibrating wires, excited electromagnetically, as the 
receiving units. The cymaphen instruments used in his 
experiments at Fleetwood House, Beckenham, were 
described as humming away like bumble bees possessed 
of deep rich bass voices.” 

Besides his inventions in connection with telegraphy 
Cromwell evolved an electrical method for locating 
metallic masses in the earth, and invented a coupling 
for repairing broken propeller shafts on ships, at that 
time a source of much danger and delay. Another of 
his inventions was the ” chronopher,” an appliance for 
sending out time signals on wires to various parts of the 
country. A modernized form of this system is still in 
use at the General Post Office. His activities also 
extended to the transmission of messages by pneumatic 
tubes, for the initiation of which Latimer Clark was 
largely responsible. Cromwell improved the system and 
laid pneumatic tubes in various towns, notably Liverpool 
—^between Castle-street, the Royal Exchange, and 
Water-street. 

Cromwell has been described as‘ having been possessed 
in a large degree of that power of taking infinite pains 
which has been described as genius. He was a skilful 
designer and also had a gift for turning to practical 
account scientific ideas. He had a very clear perception 
of the essentials of a problem and the way in which it 
should be solved, and this, combined with almost 
volcanic energy, enabled him to bear down opposition 
and bring a project to realization. The success which 
attended his efforts was due in large measure to his 
personality, but the combination in him of inventive 
and business faculties was sufficiently unusual to be 
remarkable. • 

On the transfer of the telegraphs to the Government 
in 1870, Cromwell did not pass into State service but 
remained on consulting work. 

Sir William Thomson, writing to the Electrical Review'^ 
about Cromwell Varley, said ” I well remember when I 
first made his acquaintance at Valentia in the autumn 
of 1858, when he was sent by my brother directors to 
co-operate with me in examining the cause of the failure 
of the cable after its short-lived success. I had been 
extemporizing resistance to measure the insulation 
resistance of the cable. He came with a box of resistance 
coils ready made—a thing not then generally known— 
quite unknown, I might almost say, amongst English 
practical electricians,... I look back with great pleasure 
^^nd satisfaction to all my intercourse with Cromwell 
Varley, as a friend, during the eight years of work 
ashore and afloat for realizing Transatlantic telegraphy, 
in which both of us had the privilege of taking part.” 

Cromwell contributed a large number of papers to 
scientific gatherings, the Royal Society (of which he was 
elected a Fellow), the Royal Institution, the .Institution 
of Civil Engineers, the Society of Arts, etc., and con¬ 
stantly took part in discussions. The Proceedings of 
the Royal Society for 1871 contain two interesting papers 
by hinii.t Due describes experiments on the production 
of a luminous arch in an exhausted tube by placing the 
tube between the poles of an electromagnet. He** states 
that, in his opinion, the arch is composed of attenuated 

* JSmW, 1883, voir 13, p. 204. 

t Pi^oceeiings of thaRoy(d Society of London, 
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particles of matter projected from the negative pole by 
electricity, in all directions, but that the magnet controls 
their course. The other paper* deals with the polaidza- 
tion^ of metallic surfaces in water, and states that 
platinum plates immersed in a dilute solution of sulphuric 
acid have enormous electrostatic capacities, provided 
the e.m.f. is less than 1 • 7 times that of the Daniell cell. 
He deduced from this that the fluid is separated from 
the plate by a film of gas less than inch thick. 

In those pioneer days in the field of science, workers 
and^ thinkers came to the front, and telegraph progress 
during the constructive period up to the successful 
bridging of the Atlantic in 1866 was largely the history 
of the Varley brothers. 


Samuel Alfred Varley (1832-1921). 

^Alfred Varley received his very early education from 
his father, and it was not until he had reached the age 
of eight that he was sent to St. Saviour's Grammar 
School, Southwark, where he remained until his 14th 
year. He acquitted himself fairly well as a classical 
scholar, but magnetism, chemistry, and electricity, 
claimed from him greater attention than his school 
books. After being kept back a long time in the first 
form he became convinced that he was being forced to 
remain there intentionally; one day, therefore, he 
attended the second form, and his resolute manner so 
earned the day that he was allowed to remain. Those 
were the days when a boy had to fight his way through 
school, and although Alfred was of a retiring and 
thoughtful disposition he possessed a good physique 
^d was highly successful as a pugiHst. Even at this 
date he reduced pugiHsm to a science, the axioms of 
w^ch were: '‘Hit your opponent in the face. If he 
^ts you do not take any notice of it, but go on hitting 
him in the face as often as you can." He became a 
teader of the rougher games, the best high jumper, the 
fastest long-distance runner, and the best all-round 
athlete in the school. 

On leaving school he at once took up scientific research 
wor . Between 1846 and 1849 he made several hundred 
Grove ceUs for his brother Cromwell's electric Ught 
Mcpe^ents. Most of us who know what a messy job 

primary batteries wiU realize 
^t aese efforts helped to turn his thoughts to magnetic 
ma<^es an a source of ene^. As the magneto 
that ^od gave very indifferent results 
Alfred set to work to unprove them. At the age of 17 
construction of a machine 4e fiel<f 

steel wires, the revolvmg armature being mad? of 
^in^ed iron wth the coils wound round the middle.' 

little appreciation, and as he 
KSiS tools he discontinued 

In 1852, at the age of 20, he entered the Manchester 
tte Electric Telegraph Co., which had 
^n mco^orated 6 years previously. In 1864 he was 
made engmeer m charge of the Liverpool district of the 

M"* ot tto work 5,. 

Of g“i<ie the telegraph engineer 

of that perio d. Of engineering training in tte sense in 

V1S71, vol. 19, p, 243. 


which we now know it, there was none. The man on 
the spot had to deal with the faults which occurred, and 
this frequently meant developing new ideas and new 
methods to meet the needs of the moment. The time 
balls worked from Greenwich may be mentioned as an 
example of this. The first long-distance time ball was 
erected at Liverpool, and Alfred was called upon to 
correct its deficiencies. In this connection he designed 
an electric chronograph, probabty the first of its kind, 
for measuring both the loss of time in the apparatus and 
the time occupied by the signal in travelling by wire 
from London. The apparatus which released the ball 
was so arranged that it sent a signal back to London 
when it had operated. Alfred found the interval of time 
between signalling from Greenwich and the dropping 
of the time ball to be sec., v/V, sec. being taken up in 
the passage of the signal from London to Liverpool and 
sec. in the apparatus at London and Liverpool. The 
experience gained on this work enabled him some years 
later to construct apparatus for use in India, China 
and elsewhere. He effected considerable improvements 
in the relay apparatus for working the time ball, which 
were described in a paper in the Telegraph Journal and 
Electrical Review* The weight of a time ball 6 ft. in 
diameter is not inconsiderable: tins has to be released 
by an electromagnetic device, which in turn must be 
worked by the small telegraphic currents sent over the 
Hne wire. His solution of this problem was based upon 
compound-lever arrangements with a roller to avoid 
fnction. 

At the outbreak of the Crimean Wair; Col. Wylde a 
retired officer of the Royal Artillery, was deputy chairman 
of the Electric Telegraph Co. At his suggestion the 
company offered its services to the Government for the 
purpose of laying and operating field telt^graphs in the 
Cnmea,^and the offer was accepted. The equipment was 
designed by Latimer Clark, who was at that time 
engmeer-in-chief to the company, Cromwell Varley being 
his assistant It thus happened that Alfred was sent 
out to the Crimea as superintendent of the first field 
^ warfare. He was present at tlie 
Tn . 1 4 ! the evacuation of Sebastopol. 

In a letter from Therapia dated December 1856 he gives 

dispositions of the field 
r ^ states that the number of messages 

forwaxded from headquarters averaged 16 to 20 wr 

but number received was about the same 

but some of them were very long and verbose. Gutta- 

surface of 

^re ^ numerous breakages, 

with single-needi^ 
apparatus. Alfred recommended, however that in 

After leaving 
of Vama-Constanti- 
evS l^? ' longest length of submarine cable 

On his return to this country he found telesranh 
en^eers discussing various potots in Te dS Vf 

small condu^Ts^f would be possible on cables with 
smaU conductors than on those with large. Alfred read 

• Electrical Review, 1880, vol. 8, p, 207, 
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papers before the Institution of Civil Engineers* in 
1868 and the Society of Artsf in 1869 opposing the 
views which Iwd been arrived at by the scientific advisers 
of the Atlantic Telegraph Co. Discovering that Faraday- 
had given an explanation of the action of small con¬ 
ductors which upheld the views of the advisers of the 
company, Alfred sent him a copy of his paper. In 
reply, Faraday endorsed his views in a kind and flatter¬ 
ing manner, adding that Alfred was weU able to hold 
his own in electrical controversy. 

The paper read before the Society of Arts defined the 
propagation conditions on long submarine cables and 
gave an account of an artificial cable line, consisting of 
condensers and resistances, which simulated the propaga¬ 
tion conditions of a submarine cable. These artificial 
lines subsequently came into use for duplexing submarine 
cables, and they are still employed for this purpose. 
When preparing his Society of Arts paper he used to 
retire to his study and sit deep in thought for hours. 
For weeks beforehand he committed what was to himi 
the extravagance of riding in cabs when travelling on 
business, so as to be able to ponder over his problems 
undisturbed. He did not finally commit his ideas to 
paper until the day before the meeting. 

In 1866 he designed an improvement on the needle 
telegraph in which the magnetic needles were replaced 
by needles of soft iron rendered magnetic by induction 
from a permanent magnet. These needles were not 
liable to demagnetization by lightning, the great defect 
of the Wheatstone apparatus. The principle seems to 
have been covered by Cromwell in 1866, but he appa¬ 
rently did not construct the apparatus. Alfred also 
fitted the induced-needle galvanometer with continu¬ 
ously-moving contacts (the first of their type) and 
used it as a relay. One element of the contact consisted 
of a gold roller which was rotated continuously by 
clockwork, and the rubbing contact made by it with the 
other element eliminated sticking. 

He took out a number of patents for train inter¬ 
communication by electrical means, and although his 
system was fitted both on the train in. which Queen 
Victoria travelled to the North and on the trains of the 
London and North-Western Railway Co., it was not 
adopted generally. The last patent taken out by him 
in connection with this matter is dated 1886. He read 
a paper on the subject before the Society of Engineerst 
in 1873. 

In 1869 he re-entered the service of the Electric and 
International Telegraph Co. as engineer of the London 
district. Two years later, however, he resigned this 
appointment in order to take over the management of 
a telegraph-manufacturing business inherited by his 
father, who was at that time over 80 years of age. Some 
of the patents taken out about this time bear the joint 
names of Cornelius and Samuel Alfred Varley, although 
from the age of his father it may be inferred that Alfred 
was the real inventor. This business finally failed after 
the Government had taken over the telegraphs m 1870, 
as the change meant that there was no longer sufScent 
work to keep the factory going. 

In 1866 Alfred was able to complefce some of the 

• Proceedings of the Institution of Civil Entiineers, 1858, vol. 17, p. 368. 
t Journal of the Society of Arts, 1869, vol. 7. pp. 302, 314, 329.' 
j Transactions of the Society of Engineers, 1873, pi. 162, 


inventions on which he had been occupied for a consider¬ 
able time. The needle telegraph, to which reference 
has already been made, was taken up and had a successful 
career. To this he added a lightning protector, named 
by him the " lightning bridge,” which consisted of two 
electrodes immersed in carbon particles or a mixture of 
carbon and insulating powder. He found that such a 
mixture became conducting when a high voltage was 
applied to it, but was comparatively non-conducting to 
low voltages. This phenomenon was described in a 
paper* before the British Association in 1870. Alfred 
thus discovered the properties of the coherer, but it was 
left to others to re-invent and make use of the device 
in wireless telegraphy; 

The greatest invention he made about this time was 
the self-exciting dynamo, on which he was to have read 
a paper^ at the Nottingham meeting of the British 
Association in 1866. He was, however, called upon to 
install his system of intercommunication on the train 
in which Queen Victoria was about to proceed to the 
North, and in consequence he did not arrive at Notting¬ 
ham until the eve of the last day of the meeting. 
Although he was unable to present his paper, he men¬ 
tioned the matter- to Prof. Harley and Mr. Russell, 
and the latter advised him to describe the invention 
before the Royal Society as soon as possible. Had he 
done so his claims as the inventor of the dynamo would 
not have been questioned. His neglect of the advice, 

[ however, allowed Dr. Werner Siemens to be first in the 
matter of publication, for he read a paper before the 
Berlin Academy of Sciences in December of that year 
describing a dynamo. Sir Charles Wheatstone also 
invented a dynamo which, together with the Siemens 
dynamo, was describedf to the Royal Society in 
February 1867. Alfred completed his machine in 
August or September 1866, a fact which was proved by 
the testimony of his friends to whom he had exhibited 
it. He took out a patent for his machine in December 
1866, but allowed it to lapse. A second application in 
June 1867 was, however, granted. A considerable 
amount of controversy arose in later years as to who was 
the first inventor of the dynamo; but it may be taken 
that the question was decided in his favour, for in 1885 
he was awarded the Gold Medal at the International 
Inventions Exhibition for devising the first self- 
' exciting d 3 mamo machine.;' 

The dynamo, thus started on its course, proved to be 
^full of possibilities for the electrical industay, and Alfred 
Vorked unremittingly at the problem of improving it. 
Ten years after his discovery of-the dynamo principle 
the idea of regulation came to him, and the result was 
the invention of the compound-wound machine in 1876. 
Unfortunately he allowed this patent to lapse in 1878. 

The compound-wound machine was later the subject 
of a long-dra.wn-out legal fight in which Alfred cham¬ 
pioned the cause of the electrical industry against the 
claims of the Anglo-American Brush Corporation. Mr. 
Brush had been granted a patent for a compound-wound ^ 
dynamo in 1878, and on this ground his company tried 
to suppress its competitors in the industry. • Alfred 


* S A. VAia,Ey; “The Mo-ie of Action, of Lightning on Telegraphs, and a 
New Method of Constructing Telegraph-coils,” Report of the British Association 
for the Advancement of Science, la 
^ Proceedings of the Royal Society (JLondoft, Wf, vol. 15, p, ZQ*X 
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endeavoured to arouse the interest of the industry by 
writing a series of articles in the Electrical Review.^ 
Messrs. King, Brown, and Co., of Edinburgh, decided 
to expose the Brush Corporation and the case was 
fought out in the Court of Session, Edinburgh, in 
November 1888, when judgment was given in favour 
of vaxley’s precedence in the invention of the compound- 
wound machine, the Brush patent being declared invalid. 
Ibe case was then carried to the House of Lords, which 
in 1892 also decided in favour of Varley’s patent. 

Such was the contribution to the world of a man who 
■vrorked all his life unweariedly at science, and whose 
eaorts fail^ to realize any material reward. Far-sighted 
as he was in the application of science, he was unversed 
in business affairs. Thus he neglected to renew the 
patent for his dynamo and therefore failed to secure the 
fcanciM reward which would necessarily have come to 
mm. Mismanagement of business matters was his 
failmg throughout his career, and he struggled on for 
a long penod under conditions of poverty. 

The failure of his factory in 1873, and other business 
womes, caused his health to suffer and enforced a long 
absence from scientific gatherings. This, no doubt, 
was one of the factors which led to the neglect of his 
work by his scientific contemporaries, who did not know 
mm and who frequently confused his work with that of 
his brother Cromwell. In 1894, however, engineers and 
scientaste, who up to that time had only grudgingly 
^mitted his scientific attainments, secured for him a 
Vona pension of £60; this was increased to £100 in 
1896. It IS pleasing to record that many of those who 
had oppo^d him earlier, raUied to his assistance in this 
matter. His life was to a large extent embittered by 
ms failure to secure recognition by his brother-scientists, 
but even this late acknowledgment must have been 
a considerable solace to him in his retiring years. 

The Institution. 

Our Institution was founded in 1871, with Sir William 
Siemras m its first President, under the name of the 
Society of Telegraph Engineers. Among the 71 Founder 
M^bers were four representatives of the Varley family 
CromweU (Member of Council), Frederick, Samuel 

28rt opening meeting, on the 

28th February, 1872, Cromwell Varley saidt "This 
rociety, I assume, wiU gradually, by natural selection 
develop niore into an electrical society than into a society 


f tele^phy proper; and the moment it is understood 
that aU papers on electricity, or bearing directly upon 
e development of electrical science, are admitted, it at 
once takes the science out of the narrow groove into 
which It seemed to be drifting, into the most extensive 
of all grooves, because it wOl be found ultimately to 
embrace eve^ operation in nature.” He has proved to 
be a prophet with a wide insight into the scientific and 
practice possibihties of electricity, and the march of 
events bears testimony to the wisdom of his prophecy 
CromweU ^d Alfred both played a part in the up- 
mlding of the structure of electrical engineering, and 
tte name of Varley wiU always be associated with the 
foundation stones of the edifice. 

The author wishes to acknowledge his indebtedness to 
toose who haye kmdly assisted in providing him with 
mformation as to the activities of the Varley brothers, 
n this connection he would particularly mention the 

sons of 

Mfred \»ley The Science Museum, the executors of 
S. A. Varley, Mr. WiUoughby Smith, Mr. R. S. Whipple 

provided the apparatts 
exhibited. The author is also indebted to the Electrical 
Review, which championed the cause of Alfred Varley 
and to Sir Charles Bright’s book on " Submarine Tele- 

^phy, for much of the information contained in this 
discourse. 
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HIGH-FREQUENCY VALVE-OPERATED INDUCTION FURNACES.* 


By H. Hirst, B.Sc.(Eng.). Graduate. 


(Abstract of paper read before m Sheffield Students' Section 9tt February. 1931.) 

For the efficient operation of induction furnaces it has 
been shownf that a certain relation must be observed 
between the size and resistivity of the material to 
be melted and the frequency of the electrical supply. 

Approximately, a certain quantity rj^ must be greater 
than 3, where r is the radius of the charge in centi¬ 
metres and 


^-V(: 


P 

Arrp) 


\ 


p being the resistivity of the charge in electromag¬ 
netic units, and p the pulsatance 27t x frequency) 


delivers an 8 500-volt 3-phase supply to the anodes of 
the rectifying valves, which, in their turn, provide a 
d.c. output of 0-75 ampere at 10000 volts. The star 
connection of the transformer is made through three 
current relays, which protect the rectifiers from over¬ 
load and also trip the main contactor should any danger¬ 
ous condition arise, e.g. a short-circuit in either the 
oscillator or the rectifier unit, due to softening of, or 
mechanical daniage to, the valves. A voltage relay is 
also fitted in the rectifier filament-circuit to ensure that 
the filament voltage is maintained at its correct value. 


3-phasc a.c, supply mains 



Fig. 1 .—^High-tension valve rectifier. 



Fig. 2. —^High-frequency generator and induction 
furnace. 


in radians per sec. It is seen that the larger the specimen 
to be melted and the lower its resistivity, the lower 
may be the frequency for efficient operation. In conse¬ 
quence, large furnaces of i ton and upwards may be 
designed to run on frequencies of 500 to 2 000; small 
i*esearch equipments, however, especially where flexi¬ 
bility is required in respect of the material to be melted, 
operate on frequencies of 20 000 to I 000 000. 

In the latter type of furnace, the power at high voltage, 
usually 10 000 volts, is obtained from one or more water- 
cooled valves. Direct current is supplied to the valves 
from 2-electrode valve rectifiers. These may con¬ 
veniently be of the 3"phase type, the connections being 
usually as shown in Fig. 1* The main transformer 

♦ A Students* Premium was awarded by the Coun^ for this paper, and it 
is the practice of the Council in such cases to publish the paper, in full or in 
abstract, in the 

t C, R. Burch and N. R. Davis: The Quantitative Theory of Induction 
Heating,** Philosophical ildfngarMW, 1920, voL I, p. 708, 

You lie 


The relays, together with the necessary instruments and 
4 )ush buttons, are mounted on a panel fixed at the front 
of the rectifier cubicle. 

The high-tension current is led to the oscillator unit, 
shown in Fig. 2, by a thick copper strap. The oscillator 
valve is water-cooled. A water relay connected in the 
supply circuit prevents the filament and h.t. supplies 
from being applied unless the water flow to the valve 
is adequate. The oscillator-cubicle panel carries a fila¬ 
ment control-resistance, filament voltmeter, grid-coupling 
control, and watt-hour meter. At the back of the panel 
is mounted the 10-kW valve^ 'mth an appropriate higK- 
frequency choke, grid leak, grid coil, and condenser. 
A spaxk-gap is included in the anode lead to provide 
protection against surges. 

The current is led from the oscillator unit to the 
furnace unit, which comprises the main oscillatory 
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condenser and the water-cooled inductor coil; the latter 
IS made of turns of |-in. square copper tubing wound 
into a helix 3 in. in diameter. Each turn is fitted to 
three w^ooden uprights, so as to hold it rigid. 

During operation, the oscillator valve is kept working 
eflSciently by varying the number of turns on the grid 
coil. It is possible to stop the valve from oscillating by 
introducing a large charge of magnetic material into the 
furnace coil; this is avoided by lowering the charge 
gradually into the furnace coil until it becomes red-hot 

H.F 



and non-magnetic. Power control is effected either by 
varying the high-tension supply by means of a choke or 
auto-transformer, or more simply by raising or lowering 
the inductor coil with respect to the charge. 

For charges heavier than 1 lb., a tilting furnace has 
been developed to melt up to 10 lb. of metal. This 
takes the form of a wooden box containing the furnace 
coil, the crucible being kept in place in the centre of the 
coil by 2ircon sand or ganister. The crucible is tfited 
about the hp by means of a chain. To facilitate starting 
when melting magnetic material, a tap is arranged in 
the coil so that only a small portion of the latter may 
be used. When the charge is hot and non-magnetic the 
whole coil is switched in. 


For melting reactive metals, where contamination by 
atmospheric gases is undesirable, a high-frequency 
vacuum furnace is employed. Fig. 3 shows the elec¬ 
trical connections. The valve supplies high-frequency 
current to the main oscillatory circuit, which is tuned 
to the frequency of the anode resonator circuit by 
altering the tappings on the grid coil as the temperaturt^ 
of the metal rises and its inductance increases. Grid bins 
is provided by the grid-condenser and grid-leak methtx I. 
Measures are taken to protect the transformer from any 
sudden surges in the circuit. The power is controlled 
by a choke on the primary side of the transformer. 

The furnace chamber consists of a silica tube, round 
which the heating coil is fitted, standing on a metal 
Langmuir oil-pump. The latter is backed by a 2-stage 
glass mercury-pump, which is in turn assisted l)y a 
rotary oil-pump and a water-pump. A tube containing 
phosphorus pentoxide to absorb water vapour is placed 
betw’een the mercury-pump and the rotary oil-pump. 

W^hen metals of high vapour-pressure are being melted 
an electrode-less discharge occurs in the furnace tul)e, 
forming a shield around the charge and preventing 
electrical energy from reaching the metal. This difficu lty 
is overcome by fitting a silicci chimney to the crucibU‘, 
whereby the glow is concentrated above the metul and 
prevented from hindering the heating of the cha.rg<*. 

If the pressure in the furnace tube is allowed to rise? 
above 5 cm the glow disappears. Melting in an inert 
atmosphere may therefore be accomplished, tlie gas 
being admitted through an inlet in the Langmuir oil- 
pump. 

A high-frequency valve furnace at the National 
Physical Laboratory uses two valves on the push- 
pull system. The valves are each of 2*5 kW output, 
the anodes being supplied at 8 000 volts from a centre- 
tapped transformer. Oscillations are produced by 
magnetically coupling the anode circuit with a tuned 
grid coil. This furnace is principally used for carrying 
out thermal analysis, in which direction it ha.s been vc-ry 
successful. 
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DISCUSSION ON 

“RECENT PROGRESS IN LARGE TRANSFORMERS.”* 

And 

“ THE APPLICATION OF THE INDUCTION VOLTAGE REGULATOR.” f 

Scottish Centre, at Glasgow, 12th January, 1932. 


Mr. J. W. Rodger: With regard to the paper by 
Mr. Ayres, the problem of voltage control on a.c. circuits 
is to-day being solved by installing induction regulators, 
or regulating transformers with tappings connected to 
suitable switchgear, or regulating transformers with an 
arrangement for altering the leakage field between the 
primary and secondairy windings. Induction regula¬ 
tors have a marked operating advantage over tapped 
transformers if a smooth voltage change is essential, but 
on the many supply systems where voltage variation in 
small steps is not objectionable tapped transformers can 
be used with an appreciable saving in first cost. Further¬ 
more, the tapped transformer is less likely to be damaged 
by heavy load fluctuations or external short-circuits than 
is the induction regulator. Induction regulators have 
not been adopted in Great Britain to the same extent 
as in other countries ahead of us in the use of a.c. distri¬ 
bution. In America the induction regulator is a highly 
standardized piece of apparatus, and the designs described 
by the author follow very closely those developed by 
American maifiifacturers. The line-drop compensators 
used in connection with the automatically controlled 
induction regulators can also be applied with advantage 
to the control of regulating transformers. Impressions 
gathered during a recent visit to America indicated a 
tendency to dispense with the use of induction regulators 
owing to their being rather unreliable in operation 
and comparatively expensive to install—and to substitute 
adaptations of tap-changing transformers. It would be 
of interest to know what steps are taken in the design 
of induction regulators to eliminate dangerous mechanical 
reactions between the two windings, coincident with 
heavy load fluctuations. The author suggested that 
there was a weakness in the construction of Brown- 
Boveri induction regulators in that a crank is used as 
a means of transmitting energy from the motor to the 
rotor of the induction regulator: this suggestion is unfair 
to the manufacturer in question, who has doubtless taken 
care of the point by so designing the equipment as to 
eliminate undue mechanical reaction between the rotor 
and stator of the regulator, thereby avoiding any undue 
stress on the crank. 

Turning to Mr Charley's paper, the Buchholz relay is 
a good and sensitive method of protecting transformers, 
but it should be understood that its adoption is possible 
only on units especially constructed for its accommoda¬ 
tion. As its action depends on concentration within the ' 
relay chamber of gases liberated following the develop¬ 
ment of a fault within the transformer windings, it can 
only be used on transformers fitted irt tanks of the 
conservator tjrpe. Since the release of air bubbles from 

Paper by Mr, R. M. Charley (sec vol. 69, p, 1189, and vol. 70, p. 436). 
t Paper by Mr, W. E. M. Ayres (see vol. 69, p. 1308, and vol. 70, p. ,436). 


any part of the core or windings will cause the Buchholz 
relay to operate, it is essential to make provision at the 
time of installation for special treatment of the core and 
windings to ensure that no air bubbles are left after 
filling with^ oil. This may be somewhat difficult to 
arrange for in cases where transformers must be shipped 
without oil. Further, all air must be removed once 
again if for any reason the core and windings are lifted 
from the oil. Operation of the relay following an escape 
of air would leave the user in doubt as to whether a 
slight fault had developed or not, and he would be in 
a quandaiy regarding the advisability of lifting the core 
and windings for examination. In view of the above 
considerations it is not advisable to fit Buchholz relays 
to small transformers. In Germany and Switzerland 
the Buchholz relay is chiefly used in connection with 
large transformers installed at substations where all the 
necessary facilities are provided for vacuum treatment 
of the unit at the time of installation, andvhence there 
is no danger of air being left trapped within the core or 
windings. A close inspection of non-resonating trans¬ 
formers similar to those described by the author shows 
that whilst the design may be theoretically correct, the 
undesirable complications of construction associated with 
it render the transformer liable to failure in operation. 
When one considers the numbers of large high-voltage 
transformers of normal design constructed by British 
manufacturers which are giving complete satisfaction 
in countries where lightning conditions are severe, there 
appears to be little justification for introducing the 
complication and increased manufacturing cost of the 
non-resonating construction. With regard to methods 
of cooling, the use on outdoor transformers of radiators 
constructed of gilled tubes appears to be bad practice. 
While manufacturing economies can be efiected by the 
use of such radiators, which permit of natural siphon 
circulation on much larger transformers than can be 
'^cooled in this way if plain tubes are adopted, their 
satisfactory working depends on perfect contact between 
the inner edge of the gill and the outer surface of the tube 
over which it is wound. Any corrosion at the inner edge 
of the gill will impair the heat transference from tube 
to gill, and it is evident that such corrosion must eventu¬ 
ally take place if radiators of this type are used but of 
doors, Normally the gill depends for contact on the 
tightness with which it is wound oyer the tube. The 
inner edge of the gill becomes corrugated during winding, 
and each corrugation forms a small pocket where water 
will collect and cause corrosion. It is therefore to be 
expected that transformers fitted with radiators of this 
type will in course of time develop dangerous tempera¬ 
tures if fully loaded. 

Mr. P. A. McKillop: should like to know what 
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method is adopted for lubricating the moving parts of 
the induction voltage regulator, as I have come across 
switches which would not operate owing to their being 
held fast by rust. We have recently been troubled by 
hoods which have submerged our apparatus, and I 
s lOuld therefore like to know whether the induction 
regulator vdil -work w^hen immersed in wrater. Can the 
author inform me what British Standard grade of oil 
should be used -to lubricate switchgear which has to 
operate at —40° F. ? I should also like to know what 
provision is made for the proper cleaning of the coolers 
of large transformers on both the oil side and the water 
side, and what provision is made for emptying oil from 
such transformers. 

^ Mr. A. P. Robertson: The paper by Mr. Ayres 
indicates that a single induction regulator connected 
to a line distorts the phase angle, and that double 
induction regulators are therefore necessary. This 
actor militates against the use of induction regu¬ 
lators on parallel feeders where each feeder has to be 
reflated independently, because if there are a number 
of aeeders coming from a small substation which has not 

induction regulation, there 
will be insufficient room to accommodate the requisite 
number of induction regulators. If the feeders were not 
connected in any wa}^, however, I think one regulator 
on each would suffice. What is the author^s opinion on 
this pomt? I was interested in the slide showing an 
induction regulator on a tramway supply keeping the 
voltage on the lighting system practically steady. I do 
not thmk such a result would be possible in practice 
because the regulation would require to be very fast 
and the moving parts light. The rotor could not be 
made to move at a high speed, and, if the service were 
frequent, fluctuation on the lighting supply would be 
almost bound to occur. 

paper, I should Uke to 
' whether it is possible to design a transformer which 
will absorb harmonics (this is a sore point in Glasgow) 
and whether such a design would be very different in 
pnce and efiSciency from the normal type. Regarding 
tej^hang^g, in the first design the 2-winding method 
was adopted: this involved the risk that one of the 
^cuit breakers might stick open, leaving half the 

causing a buxn-out of that 
to see that this design is being 
auto-transformer principle. What is 
tne authors opinion regarding earth shields? These. 

completely abandoned, and 

^ ®^cle. It is 

Often placed inside the transformer, a dangerous practice 
because the arc formed when the apparatus operates 
causes the oil to carbonize. The app^taHoSS 
contams a thin sheet of some insulating material such 
as pa^r or mica, and the leads inside L transfonmS 
ha\e been known to be burnt out before the fault could 


be cleared. I think it would be much better if this 
piece of apparatus were put outside the tank. With 
regard to the question of transport, as the weight of 
oil contained in a large transformer is considerable I 
favour the filling of the tank with nitrogen for transport. 
This method is also cleaner. One of the author’s slides 
showed a transformer being transported in a temporary^ 
tank, and I should like to know whether this unit was 
dried out before being put into the permanent tank. 
What was the voltage of this transformer? While I 
would not care to transfer a very high-voltage trans¬ 
former from one tank to another unless it were dried 
out again, for voltages up to 11 000 volts there is not 
a great deal of danger in the practice. 

Mr. R, McCulloch: I should like to know how the 
operation of the induction regulator affects the efficiency 
of the transformer. 

Prof. S. Parker Smith; In my opinion many of 
the transformer designs shown by Mr. Charley are very 
ugly. One of the arguments in favour of the 5-core 
transformer is ease of transport, due to the lower con¬ 
struction of this t 3 rpe. Has the author examined the 
problem of the production of harmonics in transformers? 
Although the turbo-alternator has now reached a stage 
where it can produce little else but a sine wave, some 
supply authorities are not satisfied to leave well alone in 
this respect. Can the author give any information with 
regard to the relative proportion of harmonics in single¬ 
phase transformers in banks, in 3-limb, and in 5-limb 
transformers with the various 3-phase connections? 

Mr. H. M. Stronach: In a compact area such as 
tlmt of the Glasgow Corporation Electricity Department, 
where the 20 000-volt and 6 500-volt h.t, distribution is 
laid out so that the diversity between industrial and 
residential loads may be utilized in the main h.t, rings, 
the proper place for voltage regulation is on the low- 
voltage (440-volt) side of the transformers, or as close 
to ^e consuiners^ terminals as possible. Unless the 
Central Electricity Board object to operation of the 
on-load tap-changing gear on their transformers 6 or 8 
times per day so as to follow the normal system load 
curve, the regulation of the 20 000-volt and 0 500-volt 
pstem^can be controlled in this manner. Bearing 
n nund that the sites obtainable for 6 500/440-volt 
are usually of very limited size, I .should 
of ® regarding the advisability 

regulators in such substations, 
a^SntsrSf interconnected to 

Mr. W. McFarlane: Can Mr. Charley give anv 

British traiiformers as 
manufactured in the 

United States and on the Continent? 




on^;^' f doubles 

attabuted to high core densities 
(e.g.,. I7 000 lines per cm^ in the transformers. Can 


Western Centre/AT Bristol, Uth April, 1932. 


& Charley give any information on this point? On 
large tr^sfoimers the thermal characterise must 
for ^ treaw: to i, bto foS^S.^ 
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use any of the new alloy sheet steels which have lower 
losses ^an stalloy ? 

Mr, W. A. H. Parker: Dealing first with the paper 
by Mr. Ayres, the Electricity Commissioners’ Regulations 
stipulate that the declared minimum voltege of an e.h.t. 
supply must not be exceeded by more than I2i per cent, 
and that for a Lt. supply the variation from the declared 
voltage must not be more than 4 per cent. If the l.t. 
supply is to be derived from e.h.t. mains, therefore, it 
is obvious that unless some form of regulating device 
is used the l.t. voltage cannot be kept within the 
prescribed limits if advantage is taken of the full 
12J per cent variation on the e.h.t. side. The induction 
regulator provides a ready means of ensuring that the 
voltage regulation is kept within the correct limits, and 
I believe that with automatic control it will serve a 
very useful purpose, especially in rural areas. We 
are finding induction regulators very useful on our own 
mains; but on an unbalanced 3-phase 4-wire distributor 
their cost is increased because either three single-phase 
units or a 3-phase unit plus a static balancer are required 
if reasonable regulation is to be maintained on all phases. 
This complicates the equipment, and where the power 
load is small we are therefore favouring l.t. single-phase 
supplies. 

Turning now to Mr. Charley’s paper, I am interested 
in the Buchholz device because it appears to make it 
possible to disconnect a faulty transformer from a line 
by means of simple mechanism, and I agree with the 
author that it ought to be incorporated in the protective 
scheme of every important transformer. 

Mr. E. J. Bavies: I should like to have Mr. Charley’s 
comments on the gilled-tube type of cooling; in all the 
examples of this system that I have seen, corrosion 
can easily ^tart between the gill and the tube, and the 
arrai:g3ment is such that it is impossible to clean and 
paint the tubes on site. Mr. Charley condemns the 
parallel-winding tap-changing system as obsolete. In 
view of the large numbers of transformers with this 
method of tap changing which are operating satisfactorily, 
his condemnation seems to be unjustified. The chief 
objection raised is the danger of burning out if the tap 
change is not completed. The possibility of an inter¬ 
ruption during tap-changing is so remote, and the pro¬ 
tection of the winding against such a contingency is so 
easy and certain, that this objection seems to be over¬ 
rated. The parallel-winding method, however, seems 
to have an advantage over the reactor methods in that 
a smaller number of leads are brought out through the^ 
main tank. I have met with several cases where trouble 
has occurred on tap-changing connections passing 
through the tank, and it seems desirable to avoid these 
complications as far as possible. 

Mr. W. Hill: Mr. Ayres emphasizes the fact that any 
alternative to an induction regulator requires a good 
deal of switchgear, on which trouble is practically 
always encountered owing to burning of the contacts. 
Has he considered the use of a small mercury switch of 
the newest type, capable of a million operations ? Surely 
a plain transformer without a moving rotor is even more 


robust than an induction regulator, and it should give 
equal sensitiveness of operation since an equal voltage 
variation is necessary to operate the controlling relay. 

With regard to Mr. Charley's paper, I am very in¬ 
terested in the Buchholz device, as more than once 
during lightning storms one or other of oiir transformers 
has apparently broken down. The fuses on the h.t. side 
are found to be blown; they are replaced, only to be 
blown again. It is often two or three days before we 
can get the transformer back into service again. An 
inspection by the makers usually fails to reveal the 
source of the trouble. The transformer is subjected to 
all the usual tests and is taken out of the tank and 
thoroughly dried. In some cases these transformers 
have been back in service for over a year after their 
breakdown. Can the author state what gases are 
given off by faulty transformers? There is clearly a 
wide field of use for the Buchholz device, and I should 
be glad to have further information as to the type of 
fault of which it will give warning. 

Mr. F. de la C, Chard: Is it a fact that the nature 
of the fault causing evolution of gas in a transformer 
can be foretold from the colour of the gas accumulating 
in the chamber of the Buchholz relay? If so, one of 
the most important warning functions of the relay is 
lost when it is fitted to an unattended transformer. 
Have a beam of light and a photo-electric cell been 
employed in this connection to indicate, at the control 
point, the opacity of the evolved gas, in a similar manner 
to that employed for the inspection of furnace gases ? 

Captain P. F. W. Bush: When I was in the Federated 
Malay States as electrical and mechanical engineer to 
the Perak River Hydro-Electrical Power Go. I had 
actual proof of the effectiveness of the Buchholz relay. 
A large bank of 66/6‘B-kV transformers fitted with this 
form of protection were being excited for the first time, 
and on reaching about half normal voltage the relay 
on one transformer operated, owing to a short-circuit 
between turns on the h.t. winding. Actually the relay 
was not connected electrically to the tripping circuit. 
However, the relay gave visible indication which enabled 
the oil switch to be promptly tripped out by hand. 
The damage resulting from the fault was quite local and 
was easily repaired on site. 

Mr. Edward Jones: In my own personal experience 
I have come across several transformer breakdowns 
which would have been much less extensive had the 
units involved been fitted with the Buchholz device. 
No other form of protection appears to have such 
sensitivity for dealing with inter-tum insulation failure, 
as with the usual systems considerable damage is 
done before the protective gear operates. I should 
be glad if the authors Could give the reasons why certain 
manufacturers are reverting to the use of non-inductive 
resistances instead of mid-point auto-transformers. I 
recently saw a 1 000-kVA 3-phase unit fitted with the 
former device. 

{The authors’ replies to this discussion will be found 
on pages 970 and 074 respectively.] 
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Mr. Charley’s Reply to the Discussions at London, Newcastle, Birmingham, Liverpool, 
Manchester, Leeds, Sheffield, Glasgow, and Bristol. 


Mr. R. M. Charley (in reply ]; I wish to thank the 
speakers for their valuable contributions to the various 
discussions of my paper, and I hope that there will be 
some response to my suggestions that papers should be 
prepared on special features appertaining to the general 
subject of transformer design and manufacture. 

WTiere several speakers have discussed the same sub¬ 
ject I propose to make a general reply without referring 
to the individual speakers by name. 

The problem usually referred to as “ harmonics and 
noise IS closely related to flux density in the trans 
former core. For magnetization of the silicon steel 
usua y employed, the shape of the exciting current 
wave must incorporate certain odd harmonics, the most 
predominant of which is the third. The ratio of the 
magnitude of these harmonics to that of the funda- 
mental mcreases very rapidly at flux-density values 
above those usually adopted. One speaker refers to a 

core flux-density of 17 000 lines per cm2. i agree that it 

IS -very unreasonable to build a transformer with such a 
high value of flux density in the core, and where such 
transforiners are installed trouble due to harmonics and 
TOmplamts on account of noise are to be expected. 
However, I beheve that, generally speaking, the trans¬ 
formers recentiy built in this country Lve been designed 
flux-density, and any incidental 
to harmonics and noise should not be laid to 
the charge of the designers. 

DaSi™S^T/^ a teansformer is delta-connected a 
P provided for a tnple-frequency current and con 
s^uently there is little likelihL of a S-h™^ 

1 harmonics, and 

hence it is inevitable that fifth- and seventh-harmonic 

on depending 

on the core flux-density. The effect of this on the 

tenstics of the transmission circuits the load nn 

sj^em, and the capacity of the generating plant running 

structure carrymg an alternating flux, such asTTr^ns 

tCinTSiaT/h consequently eLt noi^: 

^ .summg that the core construction is sound mechani 

“S i 

sound and economical design it will hf t^ioroughly 
to the inevitaMity of some dem-e,. .. themselves 

■Jacrf by . b. reduced by 


flux density in the core, but this policy appreciabl}- 
increases the cost and it is questionable whether it is 
justified. 

Messrs. Holbrook and Abell speak in justification of 
the non-resonating design, and Mr. Holbrook gives some 
interesting information regarding the theoretical principle 
upon which the design is based. Mr. Abell quotes some 
figures showing the saving actually obtained by using a. 
non-resonating transformer instead of an alternative 
design. In correspondence with Mr. Abell I have ascer¬ 
tained that his comparison refers to two transformers of 
similar capacity, both of which were tested at 265 kV ; 
but (a) one unit was of the non-resonating type and was 
tested by inducing the test voltage in the winding, and 
(h) the other unit was fully insulated and was tested by 
applying the test voltage between the winding and eartli 
from a separate source. I would point out that his 
statement is no justification for adopting the non¬ 
resonating scheme in preference to a design with intcr- 
tum insulation based on B.S.S. No. 422—1931. for in 
the two examples cited the comparison is largely vitiated 
by other factors that are dissimilar and radically affect 
the design. ^ 

The remaining speakers support my claim that the 
non-resonating design for transformers may not do all 
that IS claimed for it, and that there is no justification 
for the extra expense and complication. ^Furthermor(‘ 
my recommendation that the British Standard Specifica- 
tion for inter-turn insulation should be universally 
adopted IS strongly supported by several oth,er designers, 
and I hope that users will adhere to B.S.S. No. 422—1931 
in specifying their transformer requirements. 

Several speakers criticize my figures (vol.'eO p 1191 ^ 
compamg the cost of 3-phase units with those’ cff banks 

papeSatttfeV^*®’ clearly stated in the 

paper that tte figures apply to certain ranges of size and 

difference ^ should have pointed out that the 

ifference decreases considerably for very large sizes 
However, there must always be some advantagf of cost 

remaSSL^ ^^e fact 

.trZr ” ‘“"b- 

»' «>' P»- 

reason Why the device is so popular on the Continent is 

that msurance companies have offered lower premium.s 

- Mr. Sills remarks, 

for the device.” It ^trueTSin tlf testimonial 

rrue that m the summer of 

SHSSSTiSSi 
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in premiums. There has been ample operating experi¬ 
ence to demonstrate that transformers equipped with the 
Buchholz device sustain comparatively little damage 
when a fault occurs, and it has been shown that the 
repair costs of transformers so equipped are reduced by 
about 50 per cent. I consider, therefore, that the cost of 
installing the Buchholz device on transformers, particu¬ 
larly large units, is fully justified, and I hope that it will 
become more popular in this countr 5 ^ 

With regard to Schedules I and II (vol. 69, pp. 1204 
and 1206), giving particulars of transformers that have 
been made in various parts of the world, it was necessary 
to adopt some basis for the order of tabulation, and the 
natural basis was obviously kVA of unit. It was hardly 
feasible to take into account all the characteristics that 
affect size. I realized that no direct comparison between 
the various examples given could be made, and I gave 
the schedules merely to record typical examples of trans¬ 
formers built. I wish to thank Mr. Kennett for giving 
particulars of some 93 750-kVA transformers now being 
built for the Barking power station. 

Some speakers ask for other data regarding the 
transformers mentioned in Schedules I and II or 
illustrated by slides; I regret that no such data are 
available. I wish to correct a typographical error in 
the weights given in Schedule I for the 42 000-kVA and 
22 500-kVA units built by Messrs. Ganz and Co. (Buda¬ 
pest). The figures should be as shown in Table C. 


Table C. 


kV.A of unit 

Core and windings 

Oil 

Total 


tons 

tons 

tons 

42 000 

42 

16 

64 

22 500 

33 

19 

62 


Ill connection with the discussion regarding the 
alternative methods of on-load tap-changing on large 
power transformers, Mr. Norris is almost alone in 
championing the parallel-winding scheme, but he is very 
fair in not giving undue weight to the fact that a large 
number of transformers having a total capacity of over 
2 million kVA supplied for the national electricity 
schemes are built with this arrangement. In reply to 
Mr. Abeirs request for information as to the number of 
cases where the parallel-winding scheme has given 
trouble, failures have probably not been numerous in 
comparison with the large total capacity of such trans¬ 
formers installed; but I claim that it is unnecessary for 
any particular design to fail in practice in order to 
render it obsolete, and for a new and better design to be 
developed. Mr. Abell mentions that in a 10 000-kVA 
33-kV transformer with on-load tap-changing equip¬ 
ment there were 47 000 separate parts. It would 
appear that this transformer was somewhat complicated, 
considering its size and voltage. As another example I 
would quote the 45 000-kVA 132-.kV transformer 

illustrated in Fig. 8, in which the total number of parts 
—including every washer and split pin-—is 43.160. 

While the consensus of opinion is in favour of the 
separate auto-transformer or reactor scheme of on-load 


! tap-changing, Messrs. Diggle and Hill suggest variations 
of the arrangement described in the paper. I agree that 
there are advantages in the proposed alternative schemes, 
although they would all necessitate more tappings on 
the main transformer winding. However, it is possible 
that future developments may follow the lines suggested 
by these speakers. 

Referring to the question of the maximum output of 
3-phase transformers considered feasible in the early 
days of our national electricity schemes, Mr. Beard 
remarks that all designers were not enthusiastically in 
favour of larger 3-phase units. I did not, however, 
suggest that designers were unanimous in this policy; on 
the contrary, I stated that this advanced idea was only 
held by a few designers. In 1927, in the course of a 
discussion with a consulting engineer, I stated that a 
100 000-kVA 132-kV 3-phase unit could be transported 
to site in its own tank. 

In reply to Mr. Beard, I confirm that the ambient 
temperatures on which the curves shown in Fig. 9 are 
based are in accordance with the values laid down in 
B.S.S. No. 171—1927, viz. 40° C. for air and 25° C. for 
water. I agree that the result of this standard rating 
is, in countries where the ambient air temperature does 
not reach 40° C., that the transformers are not used to 
the maximum capacity. I heartily endorse the principle 
that the loading of transformers should be determined 
by measurements of actual winding-temperature rather 
than by readings of amperes. Mr. Beard asks me to 
suggest a period of short-circuit that might be assumed 
as standard in’ the design of current-limiting reactors. 

I suggest 6 seconds as a suitable standard period which 
would cover all probable conditions in service. 

•Mr. Ellis questions the curves given in Fig. 9, and he 
gives alternative figures in Table B. I cannot agree 
with his suggestion, and I believe that Fig. 9 represents 
the order of the relative costs of transformers with 
different types of cooling over the range of size indicated. 

Mr. Kapp's remarks have been partially dealt with 
(vol. 69, p. 1231) by Mr. Ayres, the author of the paper 
on The Application of the Induction Voltage Regu¬ 
lator(vol. 69, p. 1208). In reply to Mr. Kapp's last 
question, I would say that there will probably be a limit 
to the voltage range for which on-load tap-changing 
can economically and reasonably be applied, but this 
range will probably cover all reasonable requirements, 

I can cite the case of a 24 000-kVA 66-kV transformer on 
which the voltage range is 27 per cent, and it is auto¬ 
matically controlled. The higher voltage-ranges naturally 
involve greater difficulty in the design of the transformer 
in respect of the variation of impedance (the upsetting 
of the symmetry of the windings causes undue mechanical 
stresses) and the increase in the number of tappings. 
On the other hand, if an induction regulator is employed 
there is no limit to the voltage range that can be obtained, 
Mr. Venters asks a very reasonable question in regard 
to Table 2. For normal line insulators it is immaterial 
if the specified flash-over values are exceeded, but 
obviously for insulators installed to protect adjacent " 
connected apparatus the value of the protection would 
be partly vitiated if the specified flash-over valnes were 
la,rgely exceeded. On the other hand, there must be a 
big tolerance on actual flash-over yalues of insulation. 
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I suggest, therefore, that the figures given in the last 
column of Table 2 are minimum values, and that they 
should not be exceeded by more than 15 per cent. 

Mr. Wmfield questions my figures comparing the cost 
and losses of current-limiting reactors of the concrete 
type, and alternatively the copper-ring shielded oil- 
immersed t 3 rpe. Since the paper was written the ever- 
increasing demands for current-limiting reactors have 
produced intensive development, and it is now found that 
the magnetic shielded type and the ironclad type are 
more practicable and economical than the copper-ring 
shielded form. In any case, the cost and losses must be 
more than those of concrete-type reactors, but Mr. 
Winfield agrees with me that in nearly all cases the oil- 
immersed type is fully justified. 

Referring to Mr. Jefierson’s contribution to the dis¬ 
cussion, I suggest that even if the winding-temperature 
indicating device were calibrated from readings taken by 
thermo-couple when the transformer w^as on test no 
greater safeguard would be secured. For all practical 
purposes the arrangement described in the paper gives 
a very close approximation to the actual temperature of 
the windings, and, at any rate, it is an infinitely safer 
means of indicating that a transformer is not being over¬ 
loaded than a thermometer immersed in the oil. Any 
type of thermometer, e.g. an ordinary mercury thermo¬ 
meter or a resistance coil for distant indication, may be 
used with the device. 

In reply to Mr. Rawll, road-transport contractors 
employ a permanent staff to investigate conditions over 
all possible routes and thus enable the best route to be 
selected. They must consider local by-laws and other 
Iegal,conditions. Occasionally it is necessary to support 
bndges, to make up roads at comers, and sometimes 
even to reinove tramway poles and trolley wires. Road 
transportation will probably never be restricted to a 
permanent loading gauge such as applies to the railways. 
Referrmg to Mr. I^wll’s question concerning the position 
of the oil pump in coolers, I would explain that in a 
water-cooled cooler the oil has to be forced against an 
appreciable back pressure, maintained in the cooler for 
tte puipose of ensuring that any leaks that may develop 
^all be from oil to water and not from water to oil 
Hence the best position for the oil pump is before the oil 
inlet to the cooler, whereas in the air-blast type of 
coolOT as illustrated in the paper the oil pump merely 
accelerates the flow of oil against very little r^istance 
and for reasons of ph 3 raical location it is preferableto 
mount it in the outlet from the cooler 
^ Replying to Mr. Duffield, I confirm that large tmns- 
formers are usually provided with jacking lugs, and 
haukge contractors are now expert at handling the 

nluT Z P°^ible conditions. 

A httle forethought m determining the station lay-out 
Md approaches might, however, considerably reduce the 
transport charges in many cases. 

out that the inter-tum in- 
sulation t^ts given in B.S.S. No. 422—1931 are 
M^re th^ those generally apphed previously, and he 
asfe on wtet grounds it is expected that betto service 
^ r^lt from tte adoption of the new specification I 
^h to emplmize that the period of test demanded in 
the new ^ification is 10 seconds, whereas previously | 


a S-second test was generally required. It is certain 
that tests lasting for 10 seconds are more reliable than 
similar tests lasting for 3 seconds, and for equal insulation 
strength it is obvious that the longer the test period the 
lower should be the test voltage. Furthermore, tlie 
original inter-turn insulation tests usually called for were 
quite arbitrary, whereas the new standard specification 
has been completed on the basis of very extensive 
research. 

Replying to Mr, Breach, in the copper-ring shieldc‘d 
type of reactor the rings are in close contact with the 
tank wall and *are not insulated thereform. The rings 
are of ample cross-section in relation to the current that 
is induced by the leakage flux, and the flow of this 
current keeps the flux out of the tank wall to a great 
extent—^thus preventing local heating of the tank. 
Mr. Breach does not agree that concrete-type reactors 
are becoming unpopular. The fact remains, however, 
that the number of oil-immersed reactors being in¬ 
stalled is increasing very rapidly. Mr. Breach refers 
to the problems of safeguarding the tertiary winding 
of a star/star-connected transformer. I would explain 
that the capacity of the tertiary winding and the re¬ 
actance between the latter and the high-voltage and 
low-voltage windings must be considered in relation to 
the general system conditions, such as earthing of the 
neutrals and direction of supply. In some special 
cases the tertiary winding should have the same 
capacity as the main windings, whereas in other cases 
a wmdmg of very small capacity is sufficient. Whul- 
^er the precautions taken in the design, however 
trouble IS bound to overtake the transformer if, when ;i. 
senous fault occurs on the system, thus causing heavy 
currents to flow m the transformer windings, the circuit 
breakers installed to protect these windings refuse to trip. 
Jeago gives a very interesting disefussion of the 
phenomena in transformer windings. 
charfr+L-!+^^ P^^sent give representative 

tiSS^So'S; 

mflLSvA°n?^’ ^ Suggest that since several 

^hon kVA of transformers with on-load tap-changinn 

St^t^wf satisf^tory service, there is no caus"e to 
fystem short-circuits may cause failure of the 
^ go further and say that tap- 
T transformer 

® without damage even 

wto there was a severe fault on the system. I ^ee 

^ ttere IS no objection to purifying the oil in a tr^s- 

siStiSlL insta"?/^ for serious con- 

biaeration the installation of a small purifier as a 

Mtachmmt to aU on-load lap^-cianging eqSlp; 

Tho fanly freqnenl uso d this poridi 

cuuces nre risk. It has been suggested thaf f J. 
Buchholz device could be usgH An 5 + x 
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that all gas would be collected and then led to the 
device. Such an arrangement, however, would obviously 
give rise to serious difficulties of construction, and 
hence it is necessary that all transformers to be pro¬ 
tected with the Buchholz device should be provided with 
expansion vessels. My remarks in the paper regarding 
current-limiting reactors refer equally to section and 
feeder reactors. 

In referring to the problem of inter-turn insulation Dr. 
Miller quotes an interesting table showing a comparison 
between various different designs. The data would have 
been of much greater value if comparative costs had been 
added. There is no question, however, that Cases 4 
and 5 are very much more costly than either of Cases 1 , 
2, or 3, and I re-affirm my view that there is no justifica¬ 
tion for the adoption of any design that involves more 
expense than that for a transformer built with insulation 
in accordance with B.S.S. No. 422—1931. 

In reply to Mr. Solomon, I regret that I cannot give 
further particulars of the 32 000-kVA transformer built 
by Messrs. Savoisienne. The current-limiting reactors 
mentioned on page 1203 (vol. 69) are for bus-tie service, 
in which case a load factor of 50 per cent is much too 
high; probably 5 per cent would be nearer the fact. 

Mr. Skinner describes a type of concrete reactor in 
which a lead-covered cable is entirely embedded in con¬ 
crete. I agree that this type does not labour under all 
the disadvantages ascribed to the open concrete-type 
construction, but I am sure that for all except very small 
sizes the cost of this construction would be even greater 
than for the oil-immersed type. The formula which I 
gave for the teihperature-rise of current-limiting reactors 
(vol. 69, p. 1203) is derived from the fundamental 
expi-ession for the increase in temperature of a material 
when all the heat is generated and stored in the material 
itself, and the various constants were determined from 
numerous tests. As regards the inherent reactance of 
transformers, there is a small range of values over which 
the cost is little affected, but outside this range the cost 
would increase. For a reasonable design, bearing in 
mind performance and cost, I suggest the following 
approximate values of reactance for normal 3 -phase 
56 -cycle transformers;-— 


1 000 to 2 500 kVA 

2 501 to 7 500 kVA 
7 501 to 12 500 kVA 
Above 12 500 kVA 


5 to 6 per cent 

6 to 8 per cent 
8 to 10 per cent 
10 per cent 


I wish to reply to Mr. Bailey's questions as follows. 
'ITje costs on which the curves given in Fig. 9 were based 
included coolers and all auxiliary plant. Referring to 
Fig. 10 , I do not use the terms/'safe-load indicator" 
or hot-spot indicator." I agree that the temperature 
af the hottest spot must vary with different designs, and 
this point must be left to the designer. Nevertheless I 
claim that the winding-temperature indicating-device 
de.scribed in the paper gives a much safer indication of 


the thermal conditions of the winding than a thermo¬ 
meter located in the oil. In essence, the breather used 
on an Inertaire " transformer consists of a device for 
drawing the air from the atmosphere through chemical 
agents which first extract all moisture and then deprive 
it of its oxygen: there are mercury seals to control the 
in and out breathing. When the transformer is first 
installed it is usually charged from a cylinder of nitrogen. 
Referring to the tests specified for inter-turn insulation 
in B.S.S. No. 422—1931, these were determined on the 
basis of research on materials commonly used in trans¬ 
former manufacture. If insulation between turns is 
properly designed in respect to its relative puncture and 
creepage strength it will certainly be much better able 
to withstand a surge, in spite of the change in the ratio 
of capacitance to inductance. 

I agree with Mr. Higgins that the larger transformers 
must be returned to the manufacturer's works should 
any repair become necessary, but I do not see why there 
should be any more difficulty in doing this after a 
number of years than immediately after manufacture. I 
suggest that the life of a transformer is probably more a 
function of economics than of the possible period of 
time for which it will continue to operate. 

In reply to Mr. Logan, the number of cores used in 
connection with an on-load tap-changing equipment will 
not be further increased if no demands are made for 
features other than simple control and indication. The 
simplest scheme of control and indication for a pair of 
transformers requires 13 cores. 

I do not support Mr. Lydall's view that wire-brush 
cleaning is satisfactory. All tanks should be sand¬ 
blasted, and the subsequent cleaning can be done quite 
well. 

In answer to Mr. Robertson's query I would say that 
earth shields should on no account be used. When¬ 
ever possible the system neutral should be earthed. 
Otherwise an earthing device might be installed, but it 
should be located outside the tank. A reliable device is 
available for low-voltage circuits. 

Replying to Mr. Davies, the gilled-tube type of cooling 
does not appear to be economical, and it is open to the 
objection that corrosion along the joint between the gill 
and the tube will make the cooling effect of the com¬ 
bination much less than that of a plain tube. 

I Mr. Chard makes the interesting suggestion that a • 
photo-electric cell might be used in a Buchholz device 
to give at a remote point an indication of the opacity 
-%of the gas collected. It is questionable, however, whether 
the value of the scheme would warrant the expense. 

Mr. Jones states that certain manufacturers are 
reverting to the use of a non-inductive resistance instead 
of a mid-point auto-transformer for on-load tap-changing. 

I would explain that it has always been general practice 
to use a resistance for the smaller transformers. 

[The reply of Mr. Ayres will be found on page 974 .] 
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DISCUSSION ON “RECENT PROGRESS IN LARGE TRANSFORMERS.” 


Mr. Ayres’s Reply to the Discussions at Liverpool, Manchester, SHEpnELD, Glasgow, 

AND Bristol.* 


Mr. W. E. M. Ayres {in reply ): Mr. Norris asks for 
an explanation why feeder-voltage regulation has not 
been so universal in this country as in the United States. 
Bearing in mind the logic of the economic aspect of the 
application of induction regulators, it is difficult to give 
a satisfactory explanation. Conditions are not funda¬ 
mentally different in the two countries. Probably the 
explanation is to be found in a combination of two 
rather English traits—^the manufacturer unwilling to 
tackle a market until it is established, and the user 
' muddling through ” until he is forced by circumstance 
to improve his sendees. The last few years have seen 
a great improvement against both these attitudes, 
although there is still a large number of supply authori¬ 
ties who admit their voltage troubles but refuse to take 
any action until forced by complaints. In America 
this has not been so. Distribution engineers have 
realized the value of service in popularizing demand and 
increasing revenue. 

I cannot agree with Mr. Rodger’s remarks to the effect 
that induction regulators are losing favour in the U.S.A., 
as the latest returns from that country show a main¬ 
tained activity and development. Actually larger 
units have been built in this country than in America, I 
but although on-load tap-changing holds the field there 
for large outputs, the induction regulator claims the 
field for the distribution (2 300 volts) as distinct from 
the feeder service. Far from being rather unreliable 
in operation,” the users of this class of apparatus would 
speak of its amazing reliability. The maintenance cost 
IS negligible. IMr. Rodger is also under a misapprehen¬ 
sion m thinking that the tapped transformer is less 
ikely to ^ damaged by heavy load fluctuations or 
ext^al short-circuits. Suggestions of this nature—as 
to the unsuitabihty of induction regulators to withstand 
such seivice conditions—have appeared from time to 
time in the technical Press and in some manufacturers’ 
publications. There are induction regulators in this 
of 360 kVA internal rating desired to wiSst^d 

^ ^ prepared to stand alongside the regulator 

while such a test was being made. When a fault ^urs 

the voltage up! 

Srtin!?^ ^ “°fi<i®“tly stand beside some of 

tonsformers while they operated under 
fa^t conditions of similar proportions ? 

This leads up to the question raised by Mr. W. Hill 
^oncemmg tte use of mercury-type switches. Whilst 

acre are a few makes of wonderfully reliable mercury 

abe switches which wiU wittstand a very large iSSr 
of normal operations within ae rating for which aev 
designed, none of ae manufa^tSrT ofS - 

enginedr-spointofview.t;^,^^^^^^^^ ; 


IMsO. Newcastie, and Bitming- 


r the high-tension side of any appliance which required an 
t appreciable rupturing capacity. 

Mr. Carr’s remarks and his examples of unusual 
5 regulator applications are very interesting. I cannot, 

j however, find any justification for the duplication of 

limit switches. Such limit switches can easily be 
designed for quick resetting when the rotor moves fi*oni 
• the limit position, particularly with the mercury-tube 
type of switch, which requires a very small angle of tilt. 

When the paper was first written the thermal-storagt* 
cooker referred to by Mr. Sills had not appeared on the 
market, and I now gladly modify my statement in this 
connection. Electric cooking forms an appreciable load 
in itself, and provides a large increase in load factor clue 
to diversity. It is a load to be encouraged, but it is 
useless unless the supply voltage is maintained within 
a small margin of the declared value. With regard to 
the cost of losses shown in the Table on page 1215 
(vol. 69), many urban district supplies are being purchased 
at a unit charge closely approximating to 0 • 5dand these 
are the very cases where such a line 12 miles in Icngtli 
has to be run to tap off a neighbouring bulk supply. 
The regulator would be most economically placed at the 
sending end of such a feeder, from the point of view of 
both capital cost and line loss. 

Mr. Mellonie and other speakers rathe;^* lightly assume 
it to be always feasible to transmit such an amount of 
power at 33 000 volts. They consider the problem from 
the point of view of their own undertakings, where a 
33 000-volt supply is available. Such caf.es are in the 
mmonty, and to step up to 33 000 volts for such a load, 
with the necessity of stepping down twice before the 
consuiners’ terminals, would be more costly and le.ss 
ei^ient. The examples given in the paper are from 
actual experience. 

neutral choke shown in 
(P^§^ 14). A static balancer may quite riuhtlv' 

be installed to provide a local fourth wire, and such an 

' used to provide an earth point 

for a delta 3-wire system. These remarks, however 

SwA non-existent. On a l.t. dis- 

Sdiatom t including cookers and 

Without the often very considerable. 

theoretically be more 
beS2n A®, fonction would be .shared 

S? I balancer and the transformer. The 

Ken Sto’ be located somewhere 

SSdW oA tte’rT. ^PPa^atus, the precise situation 
pendmg on the relative impedances. When a revu- 

S^aLrSd wT* to be\t1h\ 

If tS nL^«T remote point; hence the choke. 

the continued 

ca^^auTa d ^ P^« to earth 

prem^sT Is KTt voltage on consumers' 

the Electricity RegulaSn~tfo*?r 



DISCUSSION ON “HEAT LOSSES DUE TO LOAD CURRENT IN D.C. ARMATURES.” 


continuous conducting neutral; but the Regulations are 
so worded that in the event of an accident the under¬ 
taker is deemed to have talren insufficient precautions 
if the neutral is not of this type. 

Dr. Wall and Mr. Robertson ask about the high-speed 
oil servo-motor-operated regulators. These are of a 
very special design and are necessarily expensive. In 


addition, they can only be used in small or medium sizes 
on account of the large regulator load torque. The state- 
men on page 1209, col. 1, is partly empirical, but depends 
essen la y upon the maximum number of conductors 
per slot which is practicable for manufacture. Regu- 
n 1 ® proposed for the purpose suggested by 
iJr. 'Wall, but I am not aware of an actual application. 


DISCUSSION ON 

HEAT LOSSES DUE TO LOAD ^URRENT IN DIRECT-CURRENT ARMATURE 


Mr. H. W. Taylor {communicates)-. Fig. A is offered 
as an alternative to the author’s Fig. 8 to show how 
the current density varies in a conductor during and 
after commutation. 1 he curves were made some time 
ago by the method described in mv paper on “ Eddy 
Currents in Stator Windings, "f where similar cinemato¬ 
graphic representations were given of current distribu- 


middle of commutation, and a rough investigation 
showed that with a conductor having double the depth 
the current distribution would not become sensibly 
umform before the next period of commutation was 
about to begin. 

Mr. E. A. Hanney {in reply)-. Mr. Taylor’s method 
of presenting the results of Fig. 8 is informative and is 


Electrical degrees, counting from middle point of commutation. 



Fig. a. 


ti<m.s ill alternating-current conductors placed in slots. 
I'lie conductor considered in this figure was rather 
shallower than that taken in the author's Fig. 8. It 
liafi a value of | ah | equal to 1 • 4, corresponding approxi¬ 
mately to a conductor 0*5 in. deep undergoing com¬ 
mutation 100 times per sec. The commutating zone 
was 12 degrees (electrical). The currents in the con¬ 
ductors for the conditions considered do not become 
appreciably uniform until 60 elec:^ical degrees after the 


* Paper by Mr. E* A. Hantney (see page 263). 
t Jourr.al I.E.E,, 1920, vol. 68, p. 2967 


a valuable addition to the paper. I believe that the 
very simple method of Fig. 8 is advisable in a first 
introduction to this phenomenon in a d.c. machine j 
Mr. Taylor's cinematographic presentation affords 
further insight and completes the mental picture. It 
is of interest to note that Mr. Taylor's conclusions from 
his figure are in agreement withmine. 

Regarding methods of presentation, it may be men¬ 
tioned that still another way is given in the discussion 
on the American paper quoted in the Biblio^anhv 
(Jtem 4l). ^ ^ 
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PROCEEDINGS OF THE INSTITUTION. 


The minutes of the Ordinal Meeting held on the 
3rd March, 1932, were taken as read and were confirmed 
and signed. 

The President announced that, during the month of 
Pebruary, 561 donations and subscriptions to the 


Benevolent Fund had been received, amounting to £227. 
A vote of thanks was accorded to the donors. 

A paper by Mr. J. Bruce, Associate Member, entitled 

Modern Boiler Plant ” (see page 541), was read and 
discussed. 

The meeting terminated at 7.45 p.m. with a vote of 
thanks to the author, which was moved by the President 
and carried with acclamation. 


831st ordinary MEETING, 10th MARCH, 1932. 

Mr. J. M. Donaldson, M.C., President, took the chair 
at 6 p.m. 


832nd ordinary MEETING, 17th MARCH, 1932. 


^Mr. J. M. Donaldson, M.C., President, took the 
chair at 6 p.m. 


The minutes of the Ordinary Meeting held on the 10th 
March, 1932, were taken as read and were confirmed and 
signed. 

Messrs. R. N. Pegg and J. Venters were appointed 
scrutineers of the ballot for the election and transfer of 
members and, at the end of the meeting, the President 
reported that the members whose names appeared on 
tte lists (see page 283) had been duly elected and 
transferred. 


A paper by Messrs. R. O. Kapp, B.Sc., Member, aud 
C. G. Carrothers, B.Eng., Associate Member, entitled 
'"Faults, and their Clearance on Large Networks’* 
(see page 685), and a paper by Messrs. H. Pearce. 
B.Sc.(Eng.), Member, and T. *T. Evans, Associate 
Member, entitled ** Some Notes on Oil Circuit-Breaker 
Design and Performance ” (see page 703), were read and 
discussed. 

The meeting terminated at 8 p.m. with a vote of 
thanks to the authors, which was moved by the Pre.si- 
dent and carried with acclamation. 


833rd ordinary MEETING. 31st MARCH, 1932. 

Mr. J, M. Donaldson, M.C., President, took the 
Chair at 6 p.m. 

The minutes of the Ordinary Meeting held on the 17th 
arch, 1932. were talrftn ac -priori ___ i 


Stoch, 1932, were taken as read and were confirmed and 
A paper by Messrs. H. Blades and A. C. MacQueen, Asso- 


date Members, entitled “The Change-Over of Low-Tension 
Distribution Systems from Direct Cinront to Alternating 
'^37), was read and discussed. 

The meeting terminated, at 7.55 p.m. with a vote of 
thmks to the authors, which was moved by the lYcsident 
and carried with acclamation. 




President, took the 


Mr. J. M. Donaldson, M.C. 

chair at 6 p.m. 

01 ?^^ of the Ordinary Meeting held on the 

aid iiS.’ were confirmed 

h-Ahf for election and transfer, approved 

by the ^uncil for baUot, was taken as read Md was 
■ordered to be suspended in the Hall 
The President announced that, during the month of 


.*** XVXJw/, 


®“^>^®riptions to the Benevo- 
, received, amounting to £ 191 . A 

vote of thanks was accorded to the donors^ 

A paper by Dr. F. Lttschen, entitled "Modem Ooni- 
Ssc^ssTd”'' read and 

thSLS?! P-"'- ^ of 

th^ks to the author, which was moved by the President 
and carried with acclamation. resident 


at^’m! Vice-President, took the chair 

m ApS^SS Meeting held on the 

confirmed 

E. Woodward, M.C T D 
B.Sc.(Eng.), Member, and Mr. W. A. Came. B.Sg. (£g.)’ 


836th ordinary meeting. 14th APRIL, 1932. 


vSius tU Application in Relation t< 

^ks to tee authors, which was moved bv tei 

Chairman and carried with acclamation. ^ 
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836xh ordinary MEETING, 21st APRIL. 1932. 


Mr. J. M. Donaldson, M.C., President, took the 
chair at 6 p.m. 

The minutes of the Ordinary Meeting held on the 
14th April, 1932, were taken as read and were confirmed 
and signed. 

Messrs. A. Fuchs and H. W. Taylor were appointed 
scrutineers of the ballot for the election and transfer of 
members and, at the end of the meeting, the President 
reported that the members whose names appeared on the 
lists (see page 403) had been duly elected and transferred. 

A list of candidates for election and transfer, approved 
by the Council for ballot, was taken as read and was 
ordered to be suspended in the Hall. 

Messrs. J. I. Bernard, F. A. East, and W. A. Ritchie, 


were appointed scrutineers of the ballot for the election 
of new Members of Council. 

The President presented the Faraday Medal for 1932 
(eleventh award) to Sir Oliver Lodge, D.Sc., F.R.S., 
Honorary Member, who expressed his appreciation of the 
honour conferred upon him by the award of the Medal. 

Dr. W. E. Sumpner, Member, then delivered the 
23rd Kelvin Lecture, entitled “The Work of Oliver 
Heaviside ” (see page 837). 

A vote of thanks to the lecturer, proposed by Mr. 
LI. B. Atkinson, seconded by Col. Sir Thomas F. Purves, 
O.B.E., and supported by Sir Oliver Lodge, D.Sc., F.R.S., 
was carried with acclamation. 

The meeting terminated at 7.32 p.m. 


837th ordinary MEETING, 28xh APRIL. 1932 


(Joint Meeting with the 
Mr* J. M. Donaldson, M.C., President, took the : 
chair at 6 p.m. 

The minutes of the Ordinary Meeting held on the 
21st April, 1932, were taken as read and were confirmed 
and signed. 

A paper by Mr. F. Lydall, Member, entitled “The 


Institute of Transport.) 

Elec^ification of the Suburban and Certain Main-Line 
Sections of the Great Indian Peninsula Railway “ (see 
page 911), was read and discussed. 

The meeting terminated at 7.60 p.m. with a vote of 
thanks to the author, which was moved by the President 
and carried with acclamation. 


EXTRA ORDINARY MEETING, 6th MAY, 1932. 


(Varley Centenary Meeting.) 

Mr. J. M* Donaldson, M.C., President, took the 


chair at 6 p.m. ^ 

A short discourse (see page 958) on the lives and 
work of Cromwell Fleetwood Varley (6th April, 1828) and 
Samuel Alfred Varley (22nd March, 1832) was delivered 
by Lieut.-Cob A. G. Lee, O.B.E., M.C., B.Sc., Member. 


After the Rev. Telford Varley had addressed the 
meeting at the President's request, a hearty vote of 
thanks was passed to Colonel Lee for his interesting 
lecture. 

The meeting terminated at 6.45 p.m. 


60 th annual GENERAL MEETING, 5th MAY, 1932. 


Mr. J. M. Donaldson, M.C,, President, took the 
chair at 6.45 p.m. 

The notice convening the meeting was taken as read. 
The minutes of the Ordinary Meeting held on the 28th 
April, 1932, were also taken as read and were confirmed 
and signed. 

Messrs. W. R. Hackworth and S. Handford were 
appointed scrutineers of the ballot for the election and 
transfer of members and, at the end of the meeting, the 
President reported that the members whose names ap¬ 
peared on the list (see page 540) had been duly elected 
jind transferred. 

A list of the Premiums (see page 143) which had been 
awarded by the Council for papers during the session 
was read by the President. 

The President next summarized the Annual Report of 
the Council (see page 24) and moved its adoption, which 
was seconded by Mr. LI. B. Atkinson. 

The President also announced that the Council had 
reduced the membership .subscriptions to the pre-war rates 
and that this would cost the Institution some £2 300 a year. 

Mr. D. J. Bolton: I should like to ask if it is 
proposed to do anything with regard to Science Abstracts, 
I notice that out of five or six hundred subscribers there 
lias been a reduction of 100. At this rate, in five years^ 
time there will be no subscribers at all, I suggested a 


year ago that the subscription to Science Abstracts should 
be included in the membership subscription, as it is, 
I believe, in the case of one or two other institutions. 
I should like to suggest, as an alternative to making no 
charge for Science Abstracts, the lowering of the price, 
in view of the fact that the cost of printing an additional 
few hundred copies would be slight. 

The President: This matter has been raised on a 
previous occasion, but there is no reason why it should 
not be raised again. It will be referred to the Finance 
’iiCommittee for consideration. I thank you for the 
suggestion. 

Major T. Rich: Would it not be convenient to split 
up the Journal so that the proceedings of the Wireless 
Section and of the Meter and Instrument Section could 
be sent only to those who really want them? T believe 
that it would save a considerable amount of printing. 

The President: A suggestion on the same lines was 
made at a meeting of the Papers Committee to-day. 
One recognizes that it may be. necessary later on to 
sectionalize the but to do this is not quite so 

easy as might be imagined. Aiyhow, the matter is being 
considered by the Papers Committee. 

The resolution in regard to the adoption of the Annual 
Report was then put to the meeting and was carried 
unanimously. 


—.. Leete (Hon. Treasurer) : i. nave to move the 

^option of the Statement of Accounts amd Balance Sheet 
for the year 1931 (see page 34). In doing so, I wish first 
to turn to the Revenue Account. The year’s working 
s ows a defiat of £427 13s. 7d., against an approximate 
suites in the previous year of £7 311. These two figures 
Mded together nearly correspond to the amount which 
has been debited to the Accounts under review in con- 
necticm wi^ the Faraday Centenary Celebrations which 
were held m 1931, the sum being £7 803. In addition, 
there were other non-recurring items—the flood-lighting 
tte memonal plaque to Sir Joseph Swan, and a donation 
towds the Ampere Memorial Museum—which add up, 
with the Faraday Centenary expenses, to £9 311. If the 
year had been a normal one there would therefore have 
been the usual satisf^tory surplus. The total expendi- 
these non-recurring items, was 
£45 964. and if we compare this with the expenditure for 
1930 namely £38 113, which included the extra expense 
of redecorating the Library, we find that the two figures 
^ pmctac^y the same. Mana;gement increased by 
MS4, but there was a saving on the building of £1 364 
In 1930 iiere was a special expenditure, as I have just 
m^taoned, in regard to the redecoration and the re- 
hghtingof the Library, and in 1931 there was the instaUa- 
taon of fiood-hghting. In this last year we decided to 
Repairs Suspense Account £1 000 instead 
Of £1 600, and the net result is the saving which I have 
just mentioned, namely £1 364. There was a slight 
saving m regnd to the Journal, which was nearly offset 
By fewer sales and advertisements, but the Students’ 
jMrna in 1931 cost us more, as it was for a whole year, 
^e fi^re is £684, which is what w^ expected. The 
Proceedings oj the Wireless Section in 1931 cost practi¬ 
cally nothmg. Science Abstracts cost £384, which was 
^ increase of nearly £230. In connection with these 
publications I think emphasis should be laid on their 
v^ue and importance, in the hope that they will be more 

wlc Institution meetings 

WM £147 inore This was due to increased activity; 
and the cost of Local Centres was also up, for the 
reason, by £188. Scholarships were £476 more, owing 
e ^dual expansion of the original scheme. With 
rega^ to special grants, those made to the British 
Stand^s Institution and the Electrical Research As- 
socirtion have been maintained, and the total figure is 
^ *liat the legal expenses 

So81e«Tb« T J ^ are, 

£308 less &an ^t year, when the claim of the Institution 

^exemption from mcome tax was successfully defended 

^^5 423 

lor 19^. This represents an increase of £877, which 
wWkf^^ ^ amountreceived from subscriptions, 
interest received amounted to 
^ 681 as agamst £4 683 for the previous year. In 
“ additional sum representing 
rnyme tax refunded for previous years, so that the 
(hfference is only the amount which I mentioned just 

to BaianiTt 
^ position is satisfactory. The 

£428 has been caniS to the 
the Faraday 

Centenary Exhibition and of the other non-recurring 


Items, the use of cash on the Assets side, namely for tne 
*^® investments, which amount to 

£4 920, and of the retention of cash in Australia and 
JMew Zealand owing to exchange difficulties, and of 
rather larger amounts owed by debtors, there was at 
toe end of the year an overdraft at the bank of £8 644. 
The amount of the overdraft was .intermittent, and it 
was eirtmguished early in January 1932, but it cost the 
Institution during the year somewhere about £40. As 
^eady noted, on the LiabiUties side of the Balance Sheet 
the amount transferred to the Repairs Suspense Account 
was reduced from £1 500 to £1000, since experience 
has shown toat the former figure was excessive. The 
usual depreciation on the Library and furniture has been 
^owed, and the sinking fund for the replacement of 
the value of the building at the end of the lease is 
proceedmg normally. The two investments just referred 
to were made in the early part of the year before the 
Insfrtotion WM called upon to pay the expenses of the 
Exffibition. The General and Reserve Fund investments 
at the end of the year stood at £112 663. Their market 
valiM at that time, as noted on the Balance Sheet, was 
a little over £101 000. A fresh valuation at the'end of 

that the valuation is 
£118 613, in other words it is very nearly £1 000 above 
cost. I thmk these figures show that the position is 
sound financiaUy. I should like again to take the 
on record my appreciation of the 
efficient work and co-operation of all those in the Accounts 
section of the Institution. Furthermore, I must warmly 
ank Mr. Rowell for his courtesy throughout the 
year when I have asked him for information from time to 

<<^' 4 . L el® pleasure in moving this resolution: 

lhat the Statement of Accounts and Balance Sheet for 
toe year 1931, as presented, be received aid adopted.” 
The resolution was seconded by Mr. J, M. Kennedy. 

• • I think that the Institution 

is to be congratulated upon the result of the year’s 
woitog. The only criticism I have to make is that 
r'r something like £46 000 we allocate 

offiy £1 000 to the British Standards Institution and a 
simite ^ount to the Electrical Research Association 
two todies which do a good deal in the best interests of 
toe indus^ and require help. I should like to suggest 
that the Council consider whether they cannot in the 
totee aUocate to these two, organizations rather more 
money than they have done in the past. 

The motion was then put to the meeting by the 
resident and was carried unanimously. 

S pleased now to propose 

thanks of the Institution be accorded 
to the foUowmg officers for theirvaluable services during 
e past year: (a) toe Hon. Secretaries of the Local 
Centos; (6) the Local Hon. Secretaries abroad; and 
(c) the Hon. Treasurer, Mr. E. Leete/* 

Mr. A. L. Lurm having seconded the motion, it was 

put to toe meeting by the President and was carried 
with acclamation. voxaxcu 

“ That Messrs. Allen, 
19^ S ^■PPO^ted auditors for the year 

iad8-88. The motion was seconded by Mr. D. J, 

Bolton and was carried unanimously. 

The meeting terminated at 7.36 p.m. 
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THE BENEVOLENT FUND. 

34th annual general MEETING, 5th MAY, 1932. 


Mr. J. M. Donaldson, M.C., President, took the chair 
at 5 p.m. The notice convening the meeting was taken 
as read. The minutes of the 33rd Annual General 
Meeting held on the 14th May, 1931, were also taken as 
read and were confirmed and signed. 

The Report of the Committee of Management (see 
below) and the Statement of Accounts for the year 1931 
(see page 40) were presented and, on the motion of the 
Chairman, seconded by Mr. LI. B. Atkinson, were 
unanimously adopted. 

On the motion of the Chairman it was resolved that 
Mr. J. Attfield, F.C.A., be appointed Honorary Auditor 
for the year 1932. 

The Chairman reported that, under Rule 15, the 


Council had appointed the following Committee of 
Management for the year 1931-32:— 

The President {ex-officio). 

Mr. R. A. Chattock, ] 

Mr. E. W. Hill, 

Mr. J. F. W. Hooper, ^ 

Mr. R. H. Schofield, f representing the Council; 

Mr. J. W. J. Townley, 

Mr. R. S. Whipple, 

Mr. J. R. Cowie, I .. , ^ 

Mr. A. L. Lunn, I representing the contnbu- 

Mr. W. R. Rawlings, J 

and the Chairmen of the Local Centres in Great Britain 
and Ireland. 


REPORT OF THE COMMITTEE OF MANAGEMENT OF THE BENEVOLENT FUND FOR 1931. 


Capital. 




1 



£ 

s. 

d. 

The Capital Account stood on the 31st 

December, 

Incorporated Municipal Electrical Association 

10 

10 

0 

1931, at £17 811 17s. 2d., which is invested. 




Incorporated Municipal Electrical Association 








Golf Tournament 



6 

3 

0 

Receipts. 




Messrs. Kennedy and Donkin 



10 

10 

0 

The Income^ for 1931 from dividends, interest, and 

Messrs. Mavor and Coulson .. 



10 

10 

0 

annual subscriptions, was as follows:— 




J.D. Dallas .. 



10 

0 

0 

£ 

s. 

d. 


W. B. Esson. 



10 

0 

0 

Dividends on investments .. 821 

3 

6 


T. W. Sampson 



10 

0 

0 

Interest .. .. .. .. 26 

16 

6 


Scottish Centre, Entertainment Fund 


10 

0 

0 

1 453 Annual Subscriptions .. 808 

11 

6 


Sir George Sutton, Bart. 



10 

0 

0 



__ 


J. D. Butcher 



6 

5 

0 

£1 656 

11 

6 


C. R. Belling 



5 

5 

0 

—. 

. 

sss 


E. C. Clark Nichols .. . . 



5 

5 

0 





E. Fawssett 



5 

5 

0 

In addition to the foregoing, the Fund 

benefited 

Sir Hugo Hirst, Bart. .. 



5 

6 

0 

during the year by the following amounts, many of which 

T. B. Mackenzie 



5 

5 

0 

are non-recumng donations:— 




S. R. Mullard .. .. 



5 

5 

0 


£ 

s. 

d. 

L. Murphy 



5 

5 

0 

I.E.E. War Memorial Fund (balance) 

326 

9 

5 

L. Pariseau 



5 

5 

0 

I.K.E. Entertainment Fund, Summer Meet¬ 




C. S. Taylor . . .. 



5 

5 

0 

ing in London .. 

272 

7 

6 

E. J. Wade .. .. .. 



6 

5 

0 

Mersey and North Wales (Liverpool) Centre, 




G. J. Websdale 



5 

5 

0 

Golf Tournament .. .. .. 

87 

5 

1 

North Midland Centre 



5 

2 

0 

South Midland Electrical Engineers' Ball 




L. C. F. Bellamy .. . . 



5 

0 

0 

Committee .. .. .. .. 

70 

0 

0 

S. G. Brown .. .. 



5 

0 

0 

''Dynamicables" .. . . .. .. 

52 

10 

0 

/‘C2" .. .. 



5 

0 

0 

Electrical Engineers' Ball Committee .. 

50 

0 

0 

H. H, Couzens .. .. 



5 

0 

0 

Eritish Electrical Development Association 




J. M. Donaldson, M.C. 



5 

0 

0 

(proceeds of carnival at Newcastle-on- 




H. E. Morrow .. . . .. 



5 

0 

0 

Tyne) .. .... .. 

36 13 

4 

G. H. Nisbett ,. .. .. 



5 

0 

0 

Twenty-five Club " .. .. .. ,. 

26 

5 

0 

W. J. Robertson .. .. 



6 

0 

0 

Henley's Telegraph Works Co., Ltd. 

25 

0 

0 

E. A. Short .. .. . i 



5 

0 

-0 

Western Centre.. .. .. ,. 

17 

3 

1 

M. A. Traynier .. .. 



5 

0 

0 

North Midland Electrical Engineers' Ball 




and 3 047 donations of under £5 


1064 

0 

9 

Committee .. ., .. .. .. 

15 

0 

0 



— 




China Local Centre . . .. .. 

10 

10 

0 



£2 260 

9 

2 

General Electric Co., Ltd. .. .. .. 

10 

10 

0 



5= 

ssssss 

BSS= 
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INSTITUTION NOTES. 


The accumulated balance of the Income and Expendi¬ 
ture Account amounted on the 31st December, 1931, 
to £2 649 14s. 7d., of which £1 000 3s. was invested, 
£oo0 was on deposit with the Institution Bankers, and 
£980 2s. was on Current Account for the purpose of 
meeting the cost of a new investment, which was com¬ 
pleted a few days later. 

Donors and Subscribers. 

Lists of the names of donors and subscribers are 
issued to members of the Institution annually. 

The Committee of Management desire to acknowledge 
their indebtedness to the donors and subscribers, and to 
intimate that, apart from donations, the Committee will 
be grateful for annual subscriptions of any amount. The 
Committee are anxious that the Capital Account should 
be steadily augmented, so as to strengthen the fina ncial 
position of the Fund. 


Legacy. 

The Committee have to report a legacy of £100 from 
the late Mr. E. Garcke, Member, which amount has been 
invested. 

Grants. 

Applications for assistance were made by or on 
behalf of 44 persons during 1931, and the Committee, 
after due consideration, made grants in 38 cases. 

The total amount of the grants was £1 870 7s. 6d. 

Wilde Fund. 

The Capital Account stood on the 31st December, 
1931, at £3 049 16s. 2d., all of which is invested and 
brings in an annual income of about £113 2s. 

The balance standing to the credit of the Income 
Account (from which, under the Trust Deed, full 
Members only can benefit) on the same date was 
£200 4s. 7d. 

No grants were made from this Fund during the year. 


INSTITUTION NOTES. 


Papers puDUshed in the Journal. 

In view of the great increase in the number of papers 
subim^ to the Institution and in the cost of p^tog 
d^stabuting the Journal, it has been decided that in 
re length of a paper must not exceed 15 000 


Membership Transfers. 

CouncU^—transfers have been effected by the 

•AssociOfts to (jYcid%i(it6, 

P®“stone, Walter St. 
Clewett, William Henry. George. 


Tables of Comply Circular and Hyperbolic 
Functions. 

The Elektrotechnischer Verein has recently issued 
T’ complex ciicular ar 

computed I 

Hawelka under the direction of Prof. Emde. Compare 
wth previously published tables they possess ^ 

5^" tofopoMon is m .0 
» descriptive text is in German, T?r.g Uci 

are columns. The principal teble 

to V*; sinh cos cosh, tan. tanh, cotan> and cotan 
1 0-02 for both « and y. The volimn 

bibhWy oS 

stelle dM ^'PPH'^tron to the Geschafts 

33P. Berlin. SSbm^?. ^l«^bkstrasse 


StHdcfit to GvccdticLtB, 


Aitken, James Glendin^ 
ning. 

Anderson, Horace. 

Arnold, William Eli. 
Ashton, Norman. 
Atkinson, George Elliot L. 
Bailey, Colin. 

Bailey, Hugh Philip V. 
Bana, Minocher Bejonji. 
Bates, Joseph Leslie. 
Belcher, Cecil Albert. 
Bennett, George, B.Eng. 
Bertenshaw, Norman 
Wright, B.Sc.Tech. 

Boag, John Wilson, B.Sc. 
Boul, John Edward. 
Bowyer, Kenneth Charles. 


Bradley, Reuben Stephen. 

Brash, Eric Bayliss, B.Sc. 

Brett, Edward James. 

Bridgewater, Thornton 
Howard. 

Bristow, Kenneth Walter, 
B.Sc.(Eng.). 

Broadbent, Maurice Ed¬ 
ward, 

Brook, John Lewis. 

Brown, Edmund Arthur L, 
Burston, Ronald Frank. 

Cameron, Ewen, B.Sc. 
Campbell-White, Edward 
Cecil. 

Challans, Benjamin Wil¬ 
liams., B.Sc.(Eng.)v 




INSTITUTION NOTES. 981 


Student to Graduate —continued. 


Student to Graduate —continued. 


Chalouer, Benjamin Sut¬ 
cliffe. 

Chrisp, Joseph Henry O. 

Clark, Jabez Stanley. 

Clarke, Robert. 

Coates, Raymond Henry, 
BiSc.(Eng.). 

Cole-Baker, Brian Mor¬ 
timer. 

Coles, Raymond Scofield, 
B.Sc. 

Court, Wyborn Percy N., 
B.Sc.(Eng.). 

Davis, Robert Courtney. 

Denholm, Norman Harold. 

Dixon, Charles John E. 

d^Ombrain, George Lee, 
B.Sc.(Eng.). 

Dubash, Mahiar Dhanji- 
shaw, B.Sc. 

Eldred, Robert James, 
B.Sc. (Eng.). 

English, Robert Lawrence, 
B.Sc. 

Evans, Arthur Emlyn, 
B.Sc. 

F en wick, Christopher 

Evelyn, M.Sc., B.E. 

Garrity, Harold Andrew. 

Giese, Frederics Guillermo. 

Gilchrist, James. 

Gorman, Mervyn Edwin. 

Grant, Robert Steel, B.E. 

Green, Leonard. 

Griggs, Edward Clement. 

Grove, David Stevenson. 

Plall, Fred, B.Sc.Tech. 


Harker, Maurice Geoffrey, 
B.Sc.(Eng.). 

Harvey, John Philip, 
B.Sc. (Eng.). 

Hearn, John. 

Hollis, Alfred Charles. 
Horn, James Kawarau, 
M.Sc., B.E. 

Horridge, Arthur. 
Horsfield, John. 
Horsington, Leslie Richard. 
Hughes, Denis Hawxby. 
Hughes, Henry Hugh,B.Sc. 
Innes, James Albert. 

Isaac, Francis Clifford. 
Jamieson, Douglas. 
Johnson, Eric Robert. 
Johnston, Alexander Find- 
laytor. 

Jotwani, Chimandas 
Khemchand. 

Journet, Robert Edwin. 
Katzelis, Nicholas George. 
Kemp, James, B.Sc. 
Khanna, Ram Charan L. 
Kirkup, Ralph William. 
Krishna, Mylapore Bala C. 
Kumarsamy, Pattakan. 

Lee, George Wallis. 
Lennane, Wyndham Quin. 
Lewis, George David. 
London, Peter. 

MacMillan, John. 

Makinson, John Owen. 
Marsh, Arthur Hireson. 
Marsh, John Henry, 
B.Sc.(Eng.). 


Martin, Thomas George. 

Matthews, Theophilus 
Francis. 

Meadows, Frederick Per- 
cival, B.Sc. 

Mitry, Wadie, B.Eng. 

Moir, James. 

Munsi, Prodyat Kumar. 

Murland, James Robert W., 
B.Sc.(Eng.). 

Newsam, Harold, 
B.Sc.(Eng.). 

Noble, Henry Royce, 
B.Eng. 

Norman, Sidney John. 

Oddy, Arthur Herbert S., 
B.Sc.(Eng.). 

Oommen, Adangaprathoo, 
B.A., B.Sc. 

Palethorpe, Wilfred, B.Sc. 

Parker, Harry. 

Patel, Raojibhai Bhailal- 
bhai. 

Pilkington, Gamier David. 

Pinney, Gerald. 

Pritchett, Richard Maurice 
B. 

Raine, John Stanley. 

Rajanayagam, Sabapathip- 
pillai, B.Sc.(Eng.). 

Ramamoorthi, Begur. 

Reynolds, George Alan. 

Rivas, William Aloysius. 

Sadleir, Cedric William M. 

Salisbury, John Edward. 

Scudamore,Charles JohnW. 

Smith, Dick. 


Smith, Francis Harwood. 

Smith, John Watson. 

Sreenivasan, Vellore Ran- 
ganatham. 

Stebbing, Geoffrey Charles. 

Stiff, Charles George. 

Sumner, Walter, 

Sutton, Gerald John. 

Thadani, Shamdas Tharu- 
mal, B.Sc.Tech. 

Thomas, Frederick John 
B., B.Sc.(Eng.). 

Thompson, Geoffrey Philip. 

Thompson, William Stan¬ 
ley. 

Tomar, Ratansingh Ragu- 
nathsing. 

Turner, David Asher, 
B.Sc.(Eng.). 

Vardy, Jonah, B.Sc.(Eng.). 

Wafa, Elsayed Hassan, 
B.Sc. 

Walmsley, Francis Charles 

Warden, SidneyHumphrey 

Warwick, George Alan. 

Watts, Basil Kingsford. 

Wickremesinghe, Mervin 
Lionel, B.A. 

Wijeyeratne, Charles Max¬ 
well F. 

Willy, John Reginald. 

Wilson, James. 

Wilson, John Charles. 

Wood, Reginald Logan. 

Worsfold, Ivor Christopher 
M. 

Wragge, Colin Gordon. 




982 


OBITUARY NOTICES. 


OBITUARY NOTICES. 


PERCY FREDERICK ALXAN was bom in 1881 and 
received his technical education at Armstrong College, 
Newcastle-on-Tyne, and at University College, London! 
He served an apprenticeship as a mechanical engineer 
with, and was afterwards employed by, Messrs. Palmers 
SMpbuilding and Iron Co. He was then for a few years 
withNewcastleCorporation (as a charge engineer), Messrs. 
Kennedy and Jenkin, Messrs. A. F. Yarrow and Co., and 
the Clyde Vahey Electric Power Co. (as sales engineer). 
In 1910 he joined the staff of Siemens Brothers Dynamo 
Works, Ltd., at their London of&ce, and in the following 
year went to Australia as acting general manager for 
their Australasian business. During the greater part 
of the War period he was employed by the Government 
on inspection duties. In 1919 he joined the Macintosh 
Cable Co., being appointed their northern area branch 
manager. After eight years in Newcastle he was trans¬ 
ferred to the cable factory at Liverpool, as works manager 
and engineer. In October 1930 he joined the staff of 
British Insulated Cables, Ltd., as personal assistant to 
Mr. Nisbett, the managing director of the company, and 
was engaged particularly upon investigations in connec¬ 
tion with the co-ordination of the company’s numerous 
interests. He died on the 30th November, 1931. He 
was elected an Associate Member of the Institution in 
1910 ,and a Member in 1920, and from 1924 to 1927 he 
served as Hon. Secretary of the North-Eastern Centre. 
He sat on many of the Institution’s technical committees 
and all those with whom he came in contact were im¬ 
pressed by his strong personality, energy, and ability. 
He was a staunch friend, and his premature death has 
been deeply felt by all who knew him well. H. B. P. 

BERNARD ARTHUR BEHREND died on the 
26th March, 1932, at Wellesley Hills, Mass., at the age 
of 56. Bom at Villeneuve, Switzerland, on the 9th 
May, 1875, he came of pioneering engineer stock, for 
his father was closely identified with the starting’ and 
early development of the sulphite process in paper¬ 
making, and founded the Haramennill Paper Mills in 
Germany, and at a later dkte those of the same name in 
Erie, Pa. Though one of a large family, Behrend forged H 
a solitary way from an early age. He was educated 
partly by private tutor and for a period in 
and becoming an earnest student of English literatui^ 
and of the writings of Huxley, Darwin, and Mill ^e 
developed a strong Anglophile leaning, which grew 
stronger with the passing yeans. His technical training 
for the C.E. degree was obtained at the University of 
Berlin, and he studied also in Paris and London. One 
of his first appointments was as engineer assistant to 
Gisb^ Kapp, towards whom he always retained a feel¬ 
ing of the warmest friendship and respect. He joined 
the Oerlikon Co., Switzerland, in January 1896, where 
he became assistant chief engineer; and, being in charge 
of the testing department there, as well as engaged on 


I the design of all types of a.c. and d.c. electrical machinery, 
was able to develop and verify his theoretical deductions! 
One of his early discoveries was the relationship between 
the phase and magnitude of the primary current in a 
leaky transformer with negligible primary resistance, as 
exemplified for induction motors by his circle 
used universally to this day. It had been in the summer 
of 1895 that, proceeding on the methods expounded 
by Andr6 Blondel for dealing with magnetic flux com¬ 
ponents, he produced the circle diagram and disclosed 
it in a lectare, but its further publication was delayed 
until the issue of the Elektrotechnische Zeitschrift of the 
30th January, 1896, after trials on an actual motor had 
verified the soundness of the theory. While several 
workers have been credited with the authorship of the 
diagram, it goes most appropriately under the name 
Behrend or Behrend-Blondel. Taking up his residence 
in the United States in the summer of 1898, he occupied 
himself for some 18 months in finding his footing, and 
during the interval lectured on a.c. design at the Univer¬ 
sity of Wisconsin. He joined the Bullock Electric 
Manufacturing Co., of Cincinnati, Ohio, in January 1900, 
and soon became chief engineer. This company, which 
had previously made only d.c. apparatus, under Behrend’s 
guidance rapidly developed a.c. equipment, including 
salient-pole alternators and induction motors, along such 
lines that, except for output per weight, they would 
have looked modem only a few years ago-rbefore fabri¬ 
cated structures came into vogue. Even turbo-alter¬ 
nators were tackled as early as 1903, and a number were 
built in 1904. A Bullock-Hamilton set was exhibited 
at the 1904 Louisiana Purchase Exposition and a gold 
medal was awarded to Behrend for this and other 
exhibits, including the 40-pole 26-cycle alternator of 
21 ft. bore which carried the Exposition ligiiting 
and power load and was popularly christened “Big 
Reliable.’’ For turbos, he used from the start radial- 
slot rotors (giving C. E. L. Brown the credit) and, in 
addition, chrome-nickel steel end-rings, two features 
adopted by other large manufacturing companies many 
ye^ later. The acquisition of the Bullock Co. by 
AUis-Chatoers about the beginning of 1904 brought 
Behrend into contact with Edward D. Adams, an ^socia- 
tion which led to long-continued friendship and mutual 
respect be^een the quiet engineer-philosopher and the 
financier, industrial, and railroad magnate. Behrend 
became chief electrical,engineer to the combmed company, 
and consulting engineer to AHis-Chalmeis Bullock, Ltd.’ 
of Montreal. He left the AUis-Ghalmers Go. in 1908. At 
that tiihe the Westinghouse Electric and Manufacturing 
Co. was under the guidance of E. M. Herr, as receiver, 
who later became president; and his far-seeing colleague, 
Har^ P.' Davis, later vice-president, invited Behrend 
to give his engineering co-operation in modernizing the 
heavy products of the company, other than traction. 
I^e connection so formed continued when some two 
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years later Behrend found it necessary, on the score of 
health, to move to Boston. The plate rotor for turbo¬ 
generators was one of the outstanding developments 
introduced by Behrend at Pittsburgh. A litterateur, a 
brilliant engineer, a critical philosopher, Behrend also 
had those traits—failings as well as merits—which, by 
humanizing, endear a man to a wide circle of acquain¬ 
tances. Always alert in cases of injustice, he became one 
of the most vigorous champions of Oliver Heaviside, 
and, indeed, was chosen as the intermediary for conveying 
the Honorary Membership awarded by the American 
Institute of Electrical Engineers in 1918. Upon Heavi¬ 
side's death in February 1925, Behrend learned that his 
library was becoming scattered, and instructed his 
London booksellers to buy what they could of it. His 
intention was to present the collection to the British 
public, provided that he could find some custodian who 
would suitably value the heirloom, and up to within 
a year of his death he was much exercised in mind as 
to the most suitable destination from this point of view. 
He was a member of a large number of professional and 
scientific societies in America and Europe and the 
recipient of many medals and other honours, including 
the honorary degree of Doctor of Engineering conferred 
by the University of Darmstadt in 1931. His later years 
were enriched by his marriage in 1926 to Miss Margaret 
P. Chase of Boston, who survives him. He was elected 
a Member of the Institution in January 1932, only a few 
weeks before his death, A. B. F. 

THOMAS ]§RITTEN died on the 16th March, 1932, 
at the age of 58. He was educated at Bedford School 
and spent four years as a pupil with Messrs. Robey and 
Co., of Lincoln, afterwards serving for a year as a 
draughtsman with the same firm. From 1895 to 1896 
he was in the employ of Messrs. Ruston, Proctor, and 
Co. He then joined the technical staff of the Electric 
Construction Co. and remained with the firm until 1913. 
After obtaining some experience in the armature shop 
and on the test-bed, he took charge of the company's 
contract with the Bath Corporation for the installation 
of an electric lighting system. In 1899 he was made 
responsible for the execution of all the company's con¬ 
tracts in the London district, one of the more important 
of these being for the electrical equipment of the City 
and South London Railway. After being appointed 
general superintending engineer in 1902, his energies 
were chiefly devoted to the preparation and carrying- 
out of schemes for the electrification of large works. " 
He was also responsible for the design and erection of 
the Park Royal and Royal Oak generating stations of 
the Great Western Railway, and a 15 000-kW lighting 
and traction plant for the Leeds Corporation, as well as 
for many other important contracts. Resigning his 
position with the Electric Construction Co., he was 
appointed works manager of Messrs. Crompton and Co. 
when the firm was reorganized in 1913. He subsequently 
became alsd a director of the company and served in 
this capacity up to the time of his death, although he 
retired from the position of works manager in 1927. 
He was also chairman of the Suffolk Iron Foundry, 
Ltd., and a director of the Hydraulic Engineering Co., 
and of various smaller concerns. As an engineer he was 


highly respected, and his advice was always regarded 
as valuable. He had a genial disposition, but was a man 
of very few words. He was elected a Member of the 
Institution in 1912. L. T. 

JOSEPH NORMAN BULKLEY was bom at Mem¬ 
phis, Tennessee, on the 17th September, 1867. He 
received his technical education at the Massachusetts 
Institute of Technology, from which he graduated in 
1889. After a few months as a draughtsman with the 
Wright Engineering Co., of Boston, he accepted an 
appointment as engineer in the mining department of 
the General Electric Co. at Schenectady, and from 1890 
to 1898 was engaged in designing and supervising the 
erection of electric coal-cutting machinery and other 
plant for use in mines. He was also in charge of the 
company's operations in the Pennsylvania district. 
Resigning his appointment in 1898, he went to South 
Africa to become chief engineer of the United Engineer- 
ing Co., Johannesburg, where he was engaged for five 
years in directing the design and installation of electrical 
plant for a number of mining companies. In 1903 he 
became consulting engineer to the General Mining and 
Finance Corporation, in which capacity he had charge 
of the electrical equipment of all the mines controlled 
by that concern and was responsible for laying out all 
new plant. From 1909 onwards he was engaged in 
general consulting practice in London and New York, 
and returned to South Africa in 1922 to act as consulting 
engineer to the African and European Investment Co., 
Messrs. Guest, Sykes, and Chapman, Ltd., the Manganese 
Corporation, and other Johannesburg firms. He died 
at Gwelo, Rhodesia, on the 6th October, 1931. He was 
elected an Associate Member of the Institution in 1903, 
and became a Member the same year. 

WILLIAM ARTHUR COULSON died at Kilmal- 
colm, near Glasgow, on the 22nd August, 1932. Ho 
studied electricity at the Hanover Square School of 
Electrical Engineering, and in 1886 entered into partner¬ 
ship with Mr. H. A. Mavor, who had been engaged in 
general electrical engineering work in Glasgow since 
1881. The firm was first registered as a limited company 
in 1888, under the name of Muir, Mavor, and Coulson, 
Mr. Coulson taking charge of the financial side. In 
1897 the size of the business warranted the issue of 
further share capital, and a new company was floated 
with the title of Mavor and Coulson, Ltd. Mr. Coulson 
remained a joint managing director of the concern from 
1897 until his retirement a few years ago. He was for 
more than 20 years associated with Mr. F. G. Creed in 
the manufacture of telegraph apparatus, and in 1930 
was appointed chairman of Messrs. Creed and Co. His 
kindness and courtesy won for him the affection of a 
wide chcle of friends, although a retiring disposition 
kept his name from public notice. He was elected an 
Associate of the Institution in 1886, and a Member 

S.M, 

JOHN DENHAM was bom in London on the 16th 
September, 1863, and died at Douglas, Isle of. Man, on 
the 3lst December, 1931. He obtained his training 
in electrical engineering at the Finsbury Technical 
College, and in 1881; beoame a pupil with the firm 
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of Latimer Clark, Muirhead, and Co. During his period 
PupilQ-ge he took part in research work on the improve¬ 
ment of the electric arc lamp. In 1883 he entered the 
service of the Anglo-American Brush Electric Light 
Corporation, and undertook the installation of numerous 
electrical plants both in England and on the Continent, 
In 1888 his company placed him in charge of the erection 
and maintenance of the electrical equipment at the 
Brussels Exhibition. The following year he went to 
South Africa as electrical engineer to the Cape Govern¬ 
ment Railways, and in 1902 took up the additional 
appointment of electrical adviser to the Treasury. 
During the Boer War, and for two years afterwards, he 
acted as electrical consultant to the Royal Engineers. 
He became engineer in charge of the electrical equip¬ 
ment at the harbours of Cape Town, Port Elizabeth, and 
East London, when these were brought under the control 
of the Government Railways in 1909. He resigned his 
railway appointment in 1911, when he went to Johannes- 
burg as government inspector of mines. On his retire¬ 
ment from that position in 1923 he returned to London. 
He was elected an Associate of the Institution in 1891 
and a Member in 1897. He served for a time as Local 
Hon. Secretary and Treasurer for the Cape, Natal, and 
Rhodesia, and also as Chairman of the Cape Town Local 
Section. 


BERNARD MERVYN DRAKE was bom at Malta 
m 1858 and died on the 6th October, 1931, in his 74th 
year. He was educated at Rossall School and after 
serving as a pupil in Sir Joseph Whitworth's works at 
Manchester and Gorton, entered, in 1881, the service 
of the Anglo-American Bmsh Co. While in their employ 
he c^ed out the lighting of the Buen Retiro in Madrid 
ttie first premises in Spain to be lighted with incandescent 
^m^. He was afterwards appointed engineer to both 
the Great Western and the Brash Midland sub-com- 
panies, and had charge of the earliest power stations 
at Bnstol, Cardiff, and Cleethoipes. In 1884 he was 
appomted managing director of the Electrical Power 
Storage Co. and had to solve many problems in connec- 
ton with the inanufacture and use of accumulators, 
^ese Pyoblems formed the subject of a paper before 
the British Association in 1886. In that year he went 
mto parta^Wp with the late John Marshall Gorham 
^d founded iie firm of Drake and Gorham, of which 
^ aferwMds became chairman and managing director i 
ne fim be<^me actively engaged in installing electric 
generati^ plants and wiring throughout the country ^ 
^d^ contract^ for many of the best-known counS 
residences. He was instrumental in putting on S 
m^ket many usefal inventions, such as the Cardew 
ertlmg device and the hot-wire voltmeter, and he and 
Mi\ ^rl^ were the patentees of the spring-contact 
^tch which was used as a standard for many years 

art development of the jLdus 

Mc lamp _ and was chairman of the Nemst lamp com¬ 
ply unM that mvention was superseded by the metal- 
filament lamp. He held the position of coLSl 
engmeer to the Bank of England for 26 wars 

installations at the 
Ghatsworth, Alnwick Castle 
Crewe HaU, etc. m 1896, in conjunckon witt S 


Gorham and Claude Johnson, he founded the D.P. 
Battery Co., and later became chairman of the Tudor 
Accumulator Co. and also of the National Accumulator 
Co. He was elected an Associate of the Institution in 
1883 and a Member in 1886, and served on the Council 
in 1902-5. At the Commemoration Meetings in 1922 
he contributed a paper (see vol. 60) on Recollections 
of Early Electrical Engineering.'* He was for over 36 
years a member of the Institution's Wiring Regulations 
Committee, and was also a member of the Electrical 
Trades Committee which was appointed by the Board 
of Trade to report on Trade after the War. As a tariff 
reformer he had consistently advocated the protection 
of home trade from foreign competition. He had a 
striking presence and personality, was undoubtedly one 
of the small band of influential pioneers who helped to 
bring the electrical industry to its present outstanding 
position, and he was invariably associated with any 
new development. In addition to his many business 
interests he was a very keen fly fisherman and an 
excellent game and rifle shot. The writer of this notice 
was personally acquainted with him since 1888, and 
greatly esteemed his upright, independent, and sterling 
character. g ^ ^ 


CHARLES LEAVITT EDGAR, president and general 
manager of the Edison Electric Illuminating Co., of 
Boston, Massachusetts, died on the 14th April, 1932, 
at Atlantic City, New Jersey, at the age of 71. He 
received his technical education at Rutgers College, 
New Brunswick, and graduated in 1882, Leaving the 
college the same year, he was appointed to the staff of 
the Edison Electric Light Co. as superintendent of the 
test room at the New York factory, and was promoted 
m 1884 to the position of assistant engineer in charge 
of ihe company’s contracts for the erection of central 
stations. ^ Shortly after his appointment in 1887 as 
ctaef engmeer of the company, he was transferred to 
the pos^on of general superintendent of the newly- 
formed Edison Electric Illuminating Co. of Boston. He 
saw 46 years’ service with this concern, of which he 
w^ made general manager in 1889, vice-president in 
, and president in 1899. He made several trips to 
Europe m order to study the methods of Continental 
supply engmeers, and as a result of these investigations 
he mtr^uced mto America the use of storage batteries 
as COTtral station auxiliaries. He also foresaw the 

generating units for stations in 
congested detects, and installed at Boston the first 
^ America for central station 
Z w I!" to England in 1898 he studied 

the Wnght demand system of charging, which was 
subsequently adopted at Boston. Throughout his life 
he was a keen student of sociology, and devoted much 

T the employees of 

him th ° Rutgers College conferred upon 

^ tte honorary degree of D.Sc. He was elected a 
Member of the Institution in 1905. 

"k- Ifed o. the I8th 

ucto^r, 1931. enjoyed a world-wide reputation as a 
^entific mventor which has probably never been rivaUed 
The following statement gives no more than the bare facts 
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of his wonderful career. He was bom at Milan, Ohio, on 
the 11th February, 1847. He was educated by his mother 
until, while still a boy, he obtained permission from the 
authorities to sell newspapers on the Grand Trunk 
Railway trains. His natural interest in science was 
stimulated by daily contact with railway engines and 
the electric telegraph, and he spent the bulk of his 
earnings on books and scientific apparatus. In his 
leisure he found time to master the subject of tele¬ 
graphy, and in 1863 he became a telegraph operator on 
the Grand Trunk Railway. The following year he joined 
the Western Union Telegraph Co., and later spent some 
time in their office at Boston. Here he bought a com¬ 
plete set of the works of Faraday and began to make 
experiments in electromagnetism. He was granted his 
first patent in 1869, for an electric vote recorder, but 
his efforts to get the device installed in the House of 
Representatives proved fruitless. He therefore deter¬ 
mined to devote himself in future to inventions for 
which there was likely to be a demand. Resigning his 
post at Boston, he went to New York, where his tech¬ 
nical knowledge soon gained him the position of manager 
of the Gold Indicator Co.'s telegraph plant for informing 
stockbrokers of prices on the Gold Exchange. The 
improvements which he made to the system then in 
use attracted the attention of the Western Union Co., 
at whose request he undertook experiments with a view 
to improving their “ stock-ticker " instrument—the fore¬ 
runner of the tape machine. The results of these experi¬ 
ments were embodied in the Edison universal printer, 
the patent rights of which he sold for $40 000. Thence¬ 
forward he was assured of financial independence, and 
was free to devote himself to his career as an inventor. 
In 1870 became to England for the Automatic Telegraph 
Co., in ordel to demonstrate their automatic system 
to the telegraph officials of the British Post Office. 
He next turned his attention to telephony, and by 
making use of a carbon microphone in conjunction with 
an induction coil he evolved the first transmitter which 
could be used over long-distance lines. In 1879 he pro¬ 
duced his loud-speaking telephone and sent represen¬ 
tatives to introduce it into Great Britain, where it 
achieved some measure of success. Edison's pet inven¬ 
tion, the phonograph, originated in 1877 as the result 
of some experiments with the automatic telegraph. The 
popularity of the early type of instrument, in which 
the record was made on tin-foil, was short-lived; but 
in 1887 he greatly improved upon it by substituting 
wax as the recording medium, and in this form the 
instrument was a commercial success. He also developed 
an ingenious electrical method for making copies of 
existing records. In 1877 he made his preliminary 
experiments on electric lighting. He passed an electric 
current through carbon strips in ak, and found that when 
heated to incandescence they at once became oxidized and 
crumbled to pieces. When placed in as good a vacuum 
as was obtainable with a common air-pump, however, 
the carbon strips remained intact for 10 to 15 minutes 
before they burnt out. Platinum and iridium wires were 
then tried, but it was found that the current required 
to produce incandescence was sufficient to melt them 
within a short time. The next step was to use a mercury 
vacuum pump and to heat the filament to incandescence 


I while the bulb was being evacuated, in order to remove 
occluded oxygen. Finally, after much patient research 
work, a carbon filament was produced which could, be 
maintained at a higher temperature than platinum wire 
and was more efficient as a light source. The filaments 
of the first electric lamps were made from carbonized 
cotton thread, but before manufacture could be begun 
on a large scale a more durable material had to be 
discovered. After exhaustive tests Edison hit upon the 
idea of using carbonized bamboo fibres, which he con¬ 
sidered to be superior to all others for the purpose. 
During the course of these investigations he discovered 
the " Edison effect," later to be used by Fleming and 
Wehnelt as the principle of their rectifiers, and ulti¬ 
mately developing into the many forms of thermionic 
amplifying valves now in use. While the work on 
the incandescent lamp was still going on, Edison was 
engaged m planning his system of electric lighting 
and in improving the d 3 mamo. He made use of a 
laminated armature core, insulated the commutator 
with mica, and increased the amount of iron in the field 
magnets. He also realized the advantage of using a 
high-speed steam engine direct-coupled to a single large 
generator unit. In 1880 he floated the Edison Electric 
Illuminating Co. of New York, which proposed to give 
a public supply of electricity by the newly developed 
feeder-and-main method of distribution, the energy 
being measured by the Edison electrolytic-type meter. 
The Edison system was adopted in the world's first 
central-station electric lighting plant, which was put 
into operation on Holbom Viaduct in 1882 and remained 
in continuous use for many years. The greater part of 
Edison's later life was spent in inventing improvements 
on existing appliances. He patented early forms of 
cinema cameras and projection lanterns, and evolved a 
new process for the reduction of magnetic iron ores. 
In 1909 he began to manufacture a nickel-iron storage 
battery having an alkaline electrolyte, the product of 
about 10 years' research work by himself and a selected 
staff. He was elected a Member of the Institution in 
1911, and an Honorary Member in 1927. 

MAX KAI ESSKILDSEN was born in Copenhagen 
on the 18th June, 1858, and died during a visit there 
on the 9th September, 1931. In 1878 he was appointed 
a probationer at the Great Northern Telegraph Co.'s 
Newcastle station, the following year attaining perma¬ 
nent employment. After a short stay in London, he 
was, in 1881, transferred to Nystad in Finland, where 
he spent 5 years, after which he returned to London, 
where he was destined to remain for the rest of his 
days. Having, in 1888, passed an electrical course, he 
regularly assisted at the cable factories, which particular 
work he continued after having, in 1894, been trans¬ 
ferred to the engineering department of the London 
office. Here he gradually rose through all the grades, 
being appointed head of the department in 1905. He 
furthermore acted as joint manager of the London offilce, 
from 1919 until 1923, when he was pensioned. This, 
however, did not mean complete retirement from work, 
as, until his death, he remained at the company's dis¬ 
posal for weekly consultations. He joined the Institution 
as an Associate in 1890, and became a Member in 1915, 
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In 1919, he was made a “ Knight of Dannebrog ” bv 
the King of Denmark. 

FREDERICK WILLIAM GEOGHEGAN died on 
the 3rd May. 1932, at the age of 48. Educated at 
preparatory schools in Ireland and later at Shrewsbury 
School, he was apprenticed in 1902 to Messrs. C. A. 
Parsons and Co. In 1905 he spent 6 months as a pupil 
at the generating station of the Cambridge Electric 
Supply Co., and then entered upon a 3-year course in 
electrical engineering at the Central Technical College 
South Kensin^n. His first appointment was that of 
electrical engineer to Messrs. J. Summers and Sons, 
Stalybndge, for whom he superintended the erec- 
non of switchboards and induction motors. In 1909 
he entered the service of the British Columbia Electric 
Railway Co. as an outside inspector. He then spent a 
few months in the armature-winding shops of the 
Canadian Westinghouse Co. and towards the end of 
1910 secured a position in the office of the city engineer 
at Mnce Rupert, British Columbia, assisting in the 
erection of the machinery at the new municipal power 
station. He returned to Ireland in 1912 as a director 
and partner in the DubUn Marine Motor and Boat Co 
In September 1914 he joined the Royal Naval Volunteer 
R^erve wth the r^ of lieutenant, and took part in 
n^e-laying operations. In 1918 he was promoted to 
the rank of lieutenant-commander. After the War he 
pained the Castner-Kellner Alkali Co., Runcorn, where 
he was employed as shift engineer. Resig ning this 
appointment in 1920, he rejoined Messrs. Parsons as 
superintending engineer in connection with electrical 
repair work, and was sent out to South America to 
supe^se some alterations to the turbo-alternator plant 
of the Central Argentine Railways. For the greater 
p^ of 1921 he was attached to the firm's London 
office, ^d m December of that year went to Australia 
M engmeer in charge of the company’s contracts for 
Iffie erection of turbo-alternators at the Newport 
Melbourne) power station of the Victorian Railway 
Commissioners and the Perth power station He 
subsequently stationed at Melbourne as Messrs 
Peons’ resident engineer in Australia, a position 
his return to England in August 
1929. He was elected a Student of the Institution in 
1908, an Associate Member in 1910, and a Member in 
X92o« 


Professor WILLIAM GRAHAM GRIFFITH B Sc 
(Eng.), was bom at Barbados in 1879, and received'his 
^ly education, at Harrison’s College in that island 
He came to England in 1896 and received his professional 
trammg at the Heriot Watt CoUege, Edinburgh He 
tten served his apprenticeship with Messrs. Mavor and 
Coulson and took a B.Sc. degree in Engineering as an 
external candidate of London University. He was a 
l^turer in electrical engineering under Prof. Baily at 
-hiB old college from 1903 to 1905, when he obtained a 
posirion as engineer with Messrs. Siemens Brothers 
spemalizing in the design of transformers and elec- 
tacaJ ma.chinery. He first went to Ireland in 1907 

teniporarily for six months, and in September of 
tnat year was appointed lecturer at the Bradford 


Technical College, where he remained until the followin'^ 
January when he was asked to return to Galway as 
lecturer. When, later, a chair of electrical engineering 
was founded he was appointed to it, and at once pro¬ 
ceeded to develop his department and to establish a 
laboratory. The laboratory which he equipped in Gal¬ 
way is one of the best small laboratories in Ireland and 
much of the fitting up was done with his own 
He was an enthusiast in his subject and did wonders 
■vrith the limited resources at his command. At that 
time the college attracted a large number of students 
not only from what is now the Irish Free State but also 
from Northern Ireland. At the outbreak of war he at 
once volunteered for service but was rejected on medical 
grounds; he remained at his post, but without any 
assistance. He carried the burden of the electrical 
engineering department single-handed for many years, 
and even after the War, when the number of students 
l^gan to increase once more, he had himself to conduct 
the full degree course in electrical engineering. The 
standard which his students reached was evidence of 
the skill and thoroughness of his teaching; and many 
o his former students are among the most distinguished 
electrical engineers in Ireland and elsewhere. He was 
a genial and interesting companion, a man of wide 
reading and literary appreciation, a keen trout angler, 
^d very fond of sailing and camping on the banks of 
Loch Corrib. His death, which occurred on the 10th 
January, 1932. was a great loss to electrical enginering 
m Ireland, where he was widely known and esteemed. 
He was elected an Associate Member of *he Institution 
m 1906 and a Member in 1928. E. W. M. 


CECIL WILBERFORCE GWYTHER was bom in 
England m 1867 and was educated in the 3ld Wallasey 
Grammm School. In 1884 he entered the service of the 
Umted Telephone Co. in London, who were the holders 
of the Edison Bell patents for telephones. In this 
company he occupied a position in the departments 
for the construction of telephone exchanges. In 1886 
he jomed the Lancashire and Cheshire Telephone Co 
m Liverpool and was in charge of the construction of 
exchanges. WMe there, he assisted in the mstaUation 
of foe first multiple telephone switchboard and also foe 
msi^ation of the first paper- and lead-covered telephone 
cables. In 1892 he was promoted to the post of local 
manager foe Chester and North Wales district of foe 
National Telephone Co., and in 1893 was made district 
manager of foe same region. In 1895 he was transferred 
to Dubhn as manager, at the same time as Mr. Frank 
Gin l^came superintendent for foe whole of Ireland. 

Buenos Aires to enter foe service 
of the Umted ^ver Plate Telephone Co. as constructional 
en^eer, and m 1903 he was promoted to chief engmeer 

and Hi^l906 sub-technical manager. EventuaUyh?^ 
appomted techmcal manager, which position he held 

n after 23 years’ service 

wfo foe Umon Telefomca, the name by which foe River 

“ Argentina. He died on the 
ISfo December, 1931. He was a man of high culture 
disposition. He was elected an Associate 
of the Institution m 1894 and a Member in 1898. 

F. W. R. 
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WILLIAM JOHN HANCOCK, D.Sc., who was born 
in Dublin on the 2nd May, 1863, and died on the 26th 
August, 1931, was educated at the University of Glasgow. 
He joined the Telephone Co. of Ireland in 1882, and 
three years later was appointed to the Government ser¬ 
vice of Western Australia, where he became superin¬ 
tendent of Government telephones and subsequently 
Government electrical engineer. In his work of extend¬ 
ing the telephone system he had to contend with many 
difficulties peculiar to the country. He supervised the 
erection of the majority of the generating stations now 
at work in Western Australia and also designed and 
installed the electrical equipment of Fremantle and 
Hunbury harbours. He also undertook a wide variety 
of engineering work, ranging from investigations into the 
problem of electrolysis in water mains to the designing 
and erection of a new type of control for time-ball 
signals. In addition, he was for many years Government 
inspector of tramways. His active interest in radiology 
began in 1896. After making some preliminary experi- 
iiients with his own X-ray tubes he offered his ser¬ 
vices to the medical department, with the result that 
he was appointed honorary radiographer to the Perth 
Hospital, where he worked for 22 years. He devoted 
the greater part of his spare time to this public service, 
which cost him the use of the fingers of both hands and 
was ultimately the cause of his death. For many years 
he was a member of the senate of the University of 
Western Australia, which conferred upon him the 
honorary degree of D.Sc., and he was also awarded the 
Kelvin Medal of the Royal Society of Western Aus¬ 
tralia. He was elected a Student of the Institution in 
1882, an Associate in 1884, and a Member in 1889; and 
he served as^ Local Honorary Secretary for Western 
Australia from 1888 to 1926. 

ADFRED HANDS, chairman of Messrs. J. W. Gray 
a.nd Son, Ltd., died at Hockley, Essex, on the 
10th October, 1932, at the age of 73. Throughout 
the greater part of his life he specialized in protection 
lightning, and he was the author of a number 
of publications dealing with that subject. He also 
delivered many lectures on the subject. From 1889 to 
1801 he was in business as Messrs. A. Hands and Co. 
He then became a partner in the firm of Messrs. J. W* 
Gray and Son, and remained with them until his death! 
Among the numerous buildings for which he was respon¬ 
sible as regards their protection against lightning were 
Sandringham House, the Houses of Parliament, Osborne 
House, the Guildhall, and St. PauVs Cathedral. He was 
elected a Member of the Institution in 1910. 

Ojenjeral Sir RICHARD HARRISON, G.C.B., 
G.M.Q., R.E;, died on the 26th September, 1931, at 
Brixham, Devon, aged 94 years. Bom in 1837, he 'was 
educated at Harrow, and obtained his military training 
at Woolwich Arsenal. He was granted a commission 
in the Royal Engineers in 1856, and a few months after¬ 
wards was sent out to take part in the Crimean War. 
Hostilities had already ceased before he reached his 
fle-stination, however, and he was recalled. The follow¬ 
ing year he sailed for India to join the forces engaged 
in ”the suppression of the Mutiny, and took part in the 


ultimate capture of Lucknow. His next campaign was 
with Sir Hope Grant's expedition to China, where his 
prowess at the siege and capture of Taku Forts in 
1859 earned him the rank of brevet major. On his 
return to England he was stationed at Aldershot 
with the rank of brevet lieutenant-colonel. In 1877 
he gained the Royal Engineers gold medal for an 
essay dealing with the applications of engineering to 
warfare. On his return from a successful campaign 
against the Zulus in South Africa, he was appointed 
C.R.E. at Aldershot in 1880, and soon after became 
A.Q.M.G. Two years later he was made A.A.G. to 
General Earle, who had been selected to command the 
communications in the forthcoming Egyptian expedition. 
Colonel Harrison was at this time chairman of a com¬ 
mittee which had been appointed to reorganize the 
military telegraphs of the British Army. In 1884 he 
went out to Eg37pt with Lord Wolseley's force in an 
attempt to relieve General Gordon, but while in charge 
of the line of communications beyond Wady Haifa he 
was invalided home. His first general officer's appoint¬ 
ment came in 1889, when he was made Governor of the 
Royal Military Academy. The following year he was 
placed in command of the Royal Engineers in the 
Western district, and was stationed at Devonport in 
this capacity until 1895, when he was promoted to the 
rank of general. In 1898 he was appointed Inspector- 
General of Fortifications and member of the joint Naval 
and Military Committee of Defence, and after five years ^ 
tenure of this office he retired, having completed 49 
years' army service. He was created C.B. in 1870, 
C.M.G. in 1882, K.C.B, in 1889, and G.C.B. in 1903. 
He was elected a Member of the Institution in 1882. 

ALFRED HAY, D.Sc., who died on the 13th April, 
1932, was born of Scottish parents at Warsaw, Poland, 
on the 3rd April, 1866, and received his early education 
at one of the Warsaw "Gymnasia." He served his 
apprenticeship as an electrical engineer with Messrs, 
MeWhirter, Ferguson, and Co., of Glasgow, and began 
his theoretical training at the Glasgow and West of 
Scotland Technical College. From 1888 onwards he 
attended classes in electrical technology at Edinburgh 
University, where he took the degree of B.Sc. with first- 
class honours in 1891. At one period of his career at 
Edinburgh he conducted classes at the Heriot-Watt 
College. After graduating, he studied for two terms at 
-i^he Central Technical College, South Kensington, and 
was then appointed demonstrator in electrical engineer¬ 
ing at University College, Nottingham. During his four 
years’ tenure of this post he carried out some research 
work into the nature of the current-rushes which occur 
when a transformer is switched on to live maiijs. He 
also investigated the oscillatory currents which occur 
under certain conditions when a condenser is charged 
or discharged. In 1896 he became lecturer in electro- 
technics at the University of Liveipool, and remained 
there until 1901, the year in which Edinburgh Utiiversity ^ 
conferred upon him the degree of D.Sc. Among the 
researches which he carried out at Liverpool was an 
experimental investigation of the streamline method of 
solving magnetic problems, in which he cbllaborated 
with Prof. Hele-Shavr. From 1901 to 1903 he occupied 
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the chair of electrotechnology at the Royal Indian 
Engineering, College, Coopers Hill, where he also lectured 
as a visiting professor until 1908. In 1903 he was 
appointed to the position of head of the physics and 
electrical engineering department at the Hackney Tech¬ 
nical Institute, a post which he filled until the close of 
1907. In January 1908 he went out to India as pro¬ 
fessor of electrical technology at the then newly-estab¬ 
lished Indian Institute of Science, Bangalore. On his 
retirement from this position in 1923 he returned to 
England. Besides contributing widely to the technical 
Press, he was the author of a number of books on elec¬ 
trical engineering subjects. He was elected an Associate 
of the Institution in 1887, and a Member in 1900. 

CHARLES HENRI JULIUS, a director of Messrs. 
J. G. White and Co., died on the 15th December, 1931, 
at the age of 59. He was educated at the Naval Academy, 
Helder, Holland, and the Institut Montefiore, University 
of Li6ge,^ where he took his degree in 1894 and gained 
the ^ Prix Montefiore.*^ After spending a year as a 
pupil with the Societe Anonyme Electiicite et Hydrau- 
lique, of Charleroi, Belgium, he accepted an appointment 
as electrical engineer with the same company, in whose 
employ he remained until 1899. Among other work in 
which he took part during this period was the construc¬ 
tion of one of the first electric tramways in Belgium, 
that from Liege to Cointe. He subsequently went to 
Russia and South America in order to investigate plans 
for new tramway systems to be laid down by his com¬ 
pany. In 1896 he was sent to make a report on the 
proposed hydro-electric developments in Java, and the 
following year he became resident engineer in charge 
of the construction of a tramway system in North Africa, 
tokmg up Algiers, Mustapha, and Maison Caree. Resign- 
mg his appointment with the Charleroi company, he 
went to Russia in 1899 as general manager of the St 
Petersburg Electric Lighting Co., but returned in 1900 
to take up tramway work in Paris as chief engineer of 
the Compagnie Gen^rale de Traction. During his stay 
of two years with this company he laid down about 
20 i^es of tramways in Paris and its suburbs, and 
toected the development of the Diatto system. From 
1902 to 1904 he was electrical engineer to the Societe 
Anonyme Westinghouse at Havre, where among other 
work he had charge of the company's contract for the. 
instruction of the Cintra tramway system, Portugal. 
He returned to his native country, Holland, in 1904 

of years as managing director* 

of the Haarlem-Amsterdam Electric Railway Co. In 

take up an appointment 
^^thM^sr^ J, G. White and Co., with whom he remained 
up to the time of his death. He was made a director 

Mei of ^ ^ 

JAMIES WILLIAM! KEEFE, assistant technical 
director of Standard Telephones and Cables Ltd diV^ 

^ the 6th i932/aged 51 

SteSl V ® ^ ^ course ^ elertrk J 

engineering -at Fmsbury Technical College from iSe to 


1898. The following year he joined the Western Electric 
Co. (now Standard Telephones and Cables, Ltd.) and 
thus entered upon what was to be a career of 33 years 
of work devoted to the telephone industry. After a 
short period in the cable testing department of the 
company he was transferred in January 1900 to the 
telephone department, arid assisted during the installa¬ 
tion at Bristol of the first C.B. exchange opened for 
public service in England. In May, 1900, he was engaged 
on construction work for the Post Office London tele¬ 
phone system, and assisted in the erection of various 
exchanges, the first of which was known as “ Central " 
and was situated in Savings Bank Buildings, Carter-lane. 
He was appointed chief installer in 1903, and shortly 
afterwards left England to install C.B. exchanges in 
Lisbon and Durban. With 1909 came his appointment 
as manager of the South African branch office at 
Joharmesburg, a position which he retained until October 
1922. His invariable geniality and good humour, and 
his inexhaustible stock of stories and reminiscences, 
endeared him to a large circle of friends in South Africa. 
He returned to London in October 1922 to take up 
duties in the sales department, and was appointed 
assistant sales manager in charge of the equipment 
division in 1924. During this period the growth of the 
company's Continental business, especially in the repeatei 
and loading-coil fields, made it necessary for him to 
visit many Continental centres, and in September 1927 
he was transferred to the European commercial depart¬ 
ment of the International Standard Electric Corporation, 
to enable him to devote the whole of his'^energies to this 
phase of the business. November 1929 found him 
back again with Standard Telephones and Cables, Ltd,, 
as sales manager. Unfortunately his health broke down 
shortly afterwards, and he was given tlie rather less 
wolfing position of assistant technical director. In the 
limited amount of leisure he allowed himself he followed 
various hobbies, chief of which was probably his interest 
in books, of which he was an omnivorous reader. He 
was elected a Member of the Institution in 1921. 

F. K. J. 

FREDERICK WILLIAM ANTHONY KNIGHT died 
at his home in Guernsey on the 12th October, 1932, at 
the age of 68. After being educated at private schools 
he became m 1884 articled to the late Sir Charles Bright, 
with whom he remained until 1887. He was then 
ap^mted to the submarine staff of the India Rubber, 
Gutta Percha, and Telegraph Works Co., and took part 
m cable-laying expeditions to the west coast of Africa 
and the west coast of South America in the C.S 
fb In November 1894 he was transferred 

to ^e Western and Brazilian Telegraph Co. as chief 
electocian of the C.S. /' Norseman," with headquarters 
at Pernambuco, Brazil. There he remained until his 
retirement m 1919, when he settled down in Guernsey. 

He was elected a Student of the Institution in 1885, 

H. S. J, K. 

“ New York 

on the 4& October, 1932, at the age of 74. After a 
vaned education, in the course of which he ^udM 
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foreign languages, classics, medicine, and science, he 
became in 1882 the first editor of the Electrical World. 
He resigned that position in 1884 and set up as a con¬ 
sulting electrical engineer, in which capacity he was 
subsequently responsible for the design and erection of 
several central stations and numerous private generating 
plants both in the United States and elsewhere. He 
took a great interest in the work of the International 
Electrotechnical Commission and attended practically 
every meeting of the Commission from its inception up 
to the time of his death, and he was elected president in 
1919. In 1916 he came to Europe as a representative 
of the United States Government on the Commission 
appointed to report on research in the industrial and 
scientific branches of electrical engineering. He was 
elected a Member of the Institution in 1901. 

JOHN MAY died on the 2nd September, 1932, at 
the age of 66. After spending three years as a pupil 
at Rugby School, he entered University College, London, 
in 1882, and studied engineering for three years. From 
1885 to 1889 he was articled to Messrs. Easton and 
Anderson, of Erith, and towards the end of this period 
was sent by the firm to assist in the erection of machinery 
at the Amsterdam waterworks. He subsequently spent 
three years at Newcastle-on-Tyne in the drawing office 
of Messrs. Ernest Scott and Mountain. On his 
return to London in 1892 he studied for a short time 
at Faraday House before taking up an appointment 
as assistant to the late Mr. Robert Hammond. In this 
capacity he wa§ associated with the design and erection i 
of many large generating stations, including those at 
Leeds, Hackney, and Dublin. The Dublin plant was the 
first in the British Isles to give a 3-phase public electricity 
supply, and Its installation involved a change of fre¬ 
quency in addition to the amalgamation of the old 
single-phase system with the new scheme. After about 
14 years he resigned his position under Mr. Hammond 
and set up in business as a consulting engineer in part¬ 
nership with Mr. G. W. Spencer Hawes. His success 
as a consultant was appreciated only by those who knew 
him well, for he was of a modest and retiring nature. 
He was elected an Associate of the Institution in 1892, 
and a Member in 1901. 

HRANCIS JOSEPH MOFFETT was bom in 1869 
and died at Birmingham on the 9th December, 1931. 
His technical education was obtained at the School of 
Electrical Engineering, Hanover Square, London. On 
the completion of his course, he obtained the B.A. 
degree of London University. After an engineering 
apprenticeship, he was employed by the National Tele¬ 
phone Co., and the Woolwich Electricity Supply Co. 
His next appointment was that of chief electrical 
engineer to Southern Nigeria, where he superintended 
the erection of the Lagos power station. Later he joined 
the staff of Messrs. Preece and Cardew, in connection 
with the electrical equipment of H.M. dockyards and 
other schemes. It was in this connection that he met 
yix* N. B. Rosher, who was engaged on similar work. 

In 1908 he set up in partnership with Mr. Rosher in 
Birmingham as a consulting engineer. The partnership 
continued until 1921, when Mr. Rosher retired from the 


firm. During this period the firm was advising upon 
and carrying out electrical schemes, chiefly in connection 
with the industrial uses of electricity. Upon Mr. Rosher's 
retirement, Mr. Moffett took Mr. F. H. Mann into 
partnership, but at the time of his death he was the 
sole partner in the firm of Moffett, Rosher, and Mann. 
He was elected an Associate of the Institution in 1891, 
an Associate Member in 1903, and a Member in 1908; 
and was Chairman of the South Midland Centre in 
1925-26. His address as chairman was on the subject 
of “ Imagination in Engineering " and was one of the 
ablest addresses delivered to that Centre. He was a 
man of strong character, keen intellect, and wide interests. 
He had no patience with duplicity or pettiness in any 
form. ^ He was held in high esteem by a very wide circle 
of engineers in the Midlands, and by a much wider circle 
of la 3 nnen, on account of those qualities which are 
admired by all—courage to say and do the right thing, 
ability, and a warm heart. 

WILLIAM BOWMAN PACKHAM was bom in 1877 
at Dundee, and received his technical education partly 
at Dundee University and partly at Liverpool Univer¬ 
sity. He served his apprenticeship with Messrs. Gourlay 
Brothers and Co., shipbuilders, of Dundee, and then 
obtained four years' marine experience with the Bedouin 
Line of Liverpool. He received a commission in the 
Royal Naval Reserve, but resigned it in order to take 
up electrical engineering. In 1902 he entered the 
Preston works of Messrs. Dick, Kerr, and Co., and worked 
as a draughtsman and in the electrical testing depart¬ 
ment. In 1904 he joined the Lancashire and Yorkshire 
Railway Co. as power station superintendent at Formby 
in connection with the company's electrified section from 
Liverpool to Southport. In 1908 he was appointed 
operating and works engineer by the Calcutta Tramways 
Co., and remained with them until 1922. In 1923 he 
returned to England to take charge of the West Glouces¬ 
tershire Power Co.'s Lydney station, and held that 
position until the onset of the illness which ended in 
his death on the 24th April, 1931. He was elected an 
Associate Member of the Institution in 1908, and a 
Member in 1920. 

JAMES HENRY SHAW was bom in Belfast on 
the 20th August, 1876. He entered the service of the 
Post Office as^ a telegraphist in 1892 and worked for 
^some five or six years in the Belfast instmment room. 
From the outset of his official career he took the deepest 
interest in technical matters, and after a brief period 
on clerical duties in the engineering department he was 
appointed sub-engineer in 1899. His early engineering 
service was in Dundee, whence he transferred to Tralee. 
Here, and later on at Cork, he took a considerable part, 
in the work—-then just beginning—of the telephoning * 
of Ireland, a work in which he displayed the keenest 
interest throughout his career. Indeed, it is not top 
much to say that the network of telephone lines now <* 
extending to even the most sparsely populated parts 
of Ireland is largely a monument to his energy and zeal. 
When the negotiations for the purchase of the property 
of the National Telephone Co, by the State were in 
progress he was appointed to the Post Office inventory 
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stafi, and in this capacity travelled over a wide area of 
the British Isles. While the inventory was still in pro¬ 
gress he was appointed executive engineer at Athlone. 
Later his headquarters were changed to Dublin, and for 
some years before the setting up of the Irish Free State 
he was on the headquarters staff of the superintending 
engineer, Dublin. At the change of Government he 
elected to serve under the new administration and was 
a staff engineer in the engineering branch of the Depart¬ 
ment of Posts and Telegraphs at the time of his death. 
Somewhat aloof and reserved to the stranger, he had 
the gift of winning the esteem and affection of those 
who really knew him, and he was alwa 37 s unsparing in 
his efforts to help his colleagues to solve their problems, 
technical and personal. He was elected a Member of 
^e Institution in 1921 and was very active in the 
mterests of the Irish Centre, of which he was Chairman 
in 1925-26. He died on the 26th January, 1932. T. J. M. 

HAROLD BABBITT SMITH was bom on the 
23rd May, 1869. and died on the 9th February, 1932. 
Educated at the Barre Academy, Massachusetts, and 
Cornell University, he was in 1892 appointed professor 
of electrical engineering at the University of Arkansas. 
After a year’s service he resigned this appointment in 
order to become consulting engineer and designer to the 
Elektron Manufacturing Co., Springfield, Massachusetts, 
whCTe until 1901 he . was in charge of the company’s 
design and development work in connection with the 
manufacture of motors, generators, and electric elevators. 
From 1893 to 1896 he held in addition the post of 
director of the electrical engineering department at 
Purdue University. In July 1896 he was appointed the 
first professor and head of the newly-established depart¬ 
ment of electrical engineering at the Worcester Poly¬ 
technic Institute, Massachusetts, a position which he 
held up to the time of his retirement in 1931. He also 
acted from 1906 as consulting engineer to the Westing- 
house Electric and Manufacturing Co. and carried out 
for them an important series of investigations into 
dielectric phenomena and stress distribution problems 
at extremely high voltages. From 1917 to 1919 he was 
a member of the specml board appointed by the United 
States Navy to assist in the development of anti¬ 
submarine devices, and he was placed in charge of 
na'^ research work at New London. In 1929 Purdue 
University and the Worcester Polytechnic Institute 
both conferred upon him the honorary degree of Doctor 
of Engineering. He was elected a Member of the Institn* 
tion in 1903, resigned in 1921, and was re-elected a 
Member in 1927. 


of Newport, Monmouthshire. In 1900 he received an 
appointment with the British Westinghouse Co. and was 
r^ponsible for the erection of the Chesterfield Corpora¬ 
tion electric supply works. In 1902 he became borough 
electrical engineer at Middlesbrough and remained there 
until shortly after the outbreak of war, when he joined 
the Submarine Miners, a Corps attached to the Royal 
Marines. He was Captain in command at Landguard 
Fort, Felixstowe, for six months, and was then trans¬ 
ferred to Inch Mickery, an island near the Forth Bridge. 
Later he was employed by the Admiralty as a resident 
director of research, and worked under Mr. Merz and 
^of. Bragg at Wem 3 rss Bay. On being demobilized 
in 1919 he helped ex-service men under the late General 
Haig, who wrote him a personal letter of thanks. In 
1920 he was sent by the Government to Malaya, but 
was recalled soon afterwards owing to reductions m 
e^nditure. From November 1922 up to the of 
his death he was chief engineer and manager of the 
Uanelly and District Electric Supply Co. He was joint 
inventor of the Taylor and Scotson voltage regulator, 
and some of his Admiralty work was directed to the use 
of the induction loop in anti-submarine work. He also 
invented a light for use in locating submarines when 
submerged in clear water. He was elected a Member 
of the Institution in 1920. W. J. H. P. 

CHARLES SHELDON THOMSON, who died at 
Wimbledon on the 18th May, 1932, was bom at Altrin- 
clmm, Cheshire, in October 1868. He was educated at 
Mill Hill School and Manchester Unive,fsity, where he 
took his B.Sc. degree and was awarded the Fairbaim 
Engineering Prize. Later he took his M.Sc. degree. 
He ^came a pupil at the works of the Brush Electrical 
Engineering Co. and later obtained an appointment with 
that company. After being with them for some years 
he joined the staff of the late Mr. Robert Hammond. 
He was subsequently appointed to the staff of the 
British Westinghouse Co., and left them to join the 
Electric Ordnance and Accessories Co., later becoming 
sales manager of the electrical department of Messrs. 
Vickers. In 1919 he was transferred to Metropolitan- 
Vickers Electrical Export Co., with whom he held an 
important position up to the time of his death. He 
was of a retiring disposition, but to his friends he was 
a most loyal comrade and his very sound advice and 
help on personal or engineering matters was highly 
valued by ^ who Imew him. He was elected an Associate 
of the Institution in 1889, an Associate Member in 1899 
and a Member in 1900. A H it’ 


HORACE MORTON TAYLOR died on the 21st 
December, 1931, at the age of 69. He received his 
early education at Aldenham School and his technical 
education at the School of Electrical Engineering, 

- Hanover Square, London. After serving his apprentice- 
«hip with Messrs. John Fowler and Co., he obtained a 
post with the Eastbourne £lectric Light Co., and sub¬ 
sequently became mains engineer to the West Brompton 
House-to-House Co. In 1895 he joined the staff of the 
late IMir. Robert Hammond, and later was for a short 
time chief assistant to the borough electrical ^ineer 




and m 1931 at the age of 68. He commenced his 
riaining in the engineering works of Messrs. Hayward, 
Tyler and (^., in 1876, and attended Finsbury Technical 
College until 1883. His practical work covered the whole 
I^od of electric lighting, beginning with drawings for 
the &st plant in this country, the Holbom Viaduct 
mstallation of the Edison Electric light Co. in 1880 
^d for that company’s exhibit in the foUowing year at 
the Crystal Palace Exhibition; also for the subsequent 
reconstruction of the Edison d 3 mamos to the improved 
design known as Edison-Hopkinson, For the nes^ four 
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years he was with the Telegraph Construction and Main¬ 
tenance Co., working under the late Mr. J. E. H. Gordon 
on the design of the earliest 2-phase alternators, some 
being used for lighting their own shops and others for 
lighting Paddington Station, including also the steam¬ 
generating plant and the divided mains devised to 
meet the conditions of a contract to give constant 
voltage-loss at all loads, resulting in maximum economy 
during the maintenance period. He then joined the 
Great Western Railway Co.*s staff for three years, during 
which he improved the efficiency of the generating plant 
and installed electric light on the company’s three 
steamers. From 1895 to 1898 he was engineer to the 
Metropolitan Electric Supply Co,, having been chief 
assistant engineer for the previous -5 years. Towards 
the end of 1898 he joined the British Thomson-Houston 
Co. to take charge of their two contracts for electrifi¬ 
cation and two yea.rs’ operation of the Central London 
Railway, and in July 1899 he was promoted to be chief 
engineer of the company. When the latter commenced 
to manufacture in England he was appointed manager 
^OT the London area and of the heavy traction depart¬ 
ment. He also served as technical adviser to the Chatham 
and the Lanarkshire traction companies, and was 
managing director of the Cork Electric Supply Co, 
He was keenly interested in fishing, sailing, and bowls. 
Consistent, fearless straightforwardness and absolute 
reliability, even if to his own detriment, were his out¬ 
standing, sterling qualities. He was elected a Member 
of the Institution in 1895, and served on the Council 
from 1909 to Ijpll. T S 


Willans and Robinson, and shortly afterwards he accepted 
the appointment of station engineer in the service of 
the Westminster Electric Supply Corporation. In 1898 
; his advice was sought by the Eastern and South African 
! Telegraph Co. in connection with the interference on 
their cables at Cape Town, due to neighbouring tramway 
^ circuits. He at once went to South Africa to investigate 
I the trouble, and subsequently made similar investigations 
for the company at Durban and Pietermaritzburg, and 
acted in a consultative capacity for various electric 
, tramway and power supply authorities. While he was 
in Cape Town the Boer War broke out and he joined 
; the Civic Guard. On his return to England in 1902 he 
set up in practice as a consulting engineer, and did a 
; good deal of work for the cable companies. He acted 
as consulting electrical engineer to Birmingham Univer- 
I sity, and was for many years an acknowledged expert 
' on theatre lighting. At the beginning of 1932 he entered 
into p^tnership with Messrs. Mackness and Shipley, 
consulting engineers, of Victoria-street, London. He 
was a prolific writer on electrical subjects. He was 
elected an Associate of the Institution in 1876, and 
a Member in 1886. 


HENRY DANIEL WILKINSON died at his home 
at Streatham on the 24th February, 1932, in his 75th 
year. He was educated at Cowper Street School, 
Eondon, and subsequently took a course of training in 
London and Cornwall for the submarine cable service 
In 1876 he went out to the Straits Settlements as elec¬ 
trician to the Eastern Extension Telegraph Co., and 
spent the following 6 years at the company’s stations 
at Singapore and Penang. He returned to England in 
1881, and shortly afterwards became a tutor at the 
School of Electrical Engineering, Hanover Square 
London. Resigning this appointment after a few years' 
service, he went as a mechanical engineer to Messrs 
Davey, Paxman, and Co., and took part in the erection 
of engines and boilers for this firm at the Paris Exhibi¬ 
tion of 1889. In 1891 he acted as mechanical and 
electrical engineer to the executive of the Royal Naval 
Exhibition, Chelsea. At the conclusion of the Crystal 
Palace Exhibition, where he represented Messrs. Davey 
Paxman, and Co., he was in 1892 engaged, as assistant 
to Mr. W. H. Massey, in drawing up plans for the Cardiff 
electric lighting scheme. The following year he went 
to America as mechanical and electrical engineer to the 
British Royal Commission for the Chicago Exhibition 
and subsequently made a detailed study of the tramway 
systems of the U.S.A. and Canada. This investigation 
farmed the subject of a paper entitled Notes on Elec¬ 
tric Tramways in the United States and Canada ’’ which 
he read before the Institution in 1894, and for which 
he was awarded the Institution Premium. His next 
po^t was that of superintending engineer to Messrs. 


Professor ERNEST WILSON was born on the 
26th November, 1863, at Alford, Lincolnshire, where 
his father was a solicitor. His early education at Alford 
Grammar School, where he showed an enthusiasm for 
games which he retained for life, was followed by 
gi^enticeship, in 1882, to Messrs. Greenwood and 
Batley, at whose works he took part in the building of 
some of the earliest Brush and Ferranti alternators. 
While an apprentice he attended evening classes at 
^ Yorkshn-e College and subsequently became a student- 
assistant m the day courses. The good use which he 
made of nis opportunities was rewarded in 1886 when 
he received a Whitworth Scholarship. Thi.s enabled 

. , 1° where, at the Koniglische Tech- 

ms^e Hochschule, Hanover, he became a pupil of Prof 
Sinff ^ and gained valuable experience in electrical 
testing Md a thorough knowledge of the German lan- 
‘ of to this country in 1887 he joined the 

firm of Messre. Siemens Brothers and became personal 
^sistant to Alexander Siemens, ultimately taking charge 

assisted in the design 

fr it i locomotives built 

for the City and South London Railway, and this exneri- 

Sion the great interest in electric 

traction which he never relinquished. During this 
period he attended classes at the Finsbury TechnS 
College, where he came under the influence of John 
Perry and Silvanus Thompson, and much of his latCT 
success as a teacher may be attributed to the inspiration 

of tiriit” * 1 ^®“' ***“®®^ “ thf design 

^ the electrical machmery for the new laboratories at 

Kmg s College, endowed by Lady Siemens, he came in 
contact jwitti Dr. John Hopkinson who, in 1890, accented ■> 
the newly found.ed Siemens chair of electrical enginee^g 
and Who appointed him demonstrator in iffli at 
reason of tte ^tensive consulting practice which occupied 
Hopkinson’s time a large share of the resoon 
sibihty for the organization and administration o/tte- 
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new department devolved upoii Wilson, and in recog¬ 
nition of this he was appointed assistant professor in 
1898. In the following year the tragic death of Hopkin- 
son occurred and Wilson was appointed to the chair, 
which he filled with great distinction until his retirement 
in 1930, after 40 years of devoted service. His success 
as a teacher may be attributed to the possession of an 
infinite capacity for taking pains, together with an almost 
unequalled devotion to his students, who responded to 
his efforts on their behalf. In addition to being an 
indefatigable worker at college, he was no less active 
as a writer, for he published about 80 of his own and 
some 30 conjoint papers. His well-known textbook 
entitled '' Electrical Traction '' was published in 1897, 
and a second edition, written in collaboration with Mr. 
P. Lydall, appeared in 1907. Although not among the 
very few fortunate enough to originate a development 
of outstanding importance, Wilson found ample scope 
for his inventive mind, and it was not long before he 
had several patents to his credit. Among others may 
be mentioned the laminated-field single-phase and poly¬ 
phase alternating-current commutator motor which he 
invented in 1888. He was also a pioneer worker in 
wireless telegraphy, for he carried out, at the request 
of Sir William Preece, the first tests made in this country 
on Marconi's apparatus. These trials were conducted 
in 1896 on the terrace at King's College. He soon after 
invented a magnetic detector of novel construction and 
took out several patents for apparatus of this t 5 ^e. 
He also carried out extensive experiments on feebly 
magnetic substances, and in 1921 delivered, before the 
Institution, three lectures on Magnetic Susceptibility 
of Low Order," for which he was awarded the Kelvin 
Premium, Over 30 years ago he commenced to investi¬ 
gate the effect of atmospheric exposure upon the con¬ 
ductivity and tensile properties of various light alloys 
used as conductors, and from time to time made valuable 
reports regarding their endurance. He took an active 
part in the organization of the University of London, 
and served as secretary to the Board of Studies in 
Electrical Engineering from its foundation in 1901 until 
1907, when he became chairman of the Board. He held 
this office until 1912, when he was appointed dean of 


the Faculty of Engineering in the university, a post 
which he held until 1916. On his retirement in 1930 
his services to the university and his long and distin¬ 
guished scientific career were recognized by the confer¬ 
ment upon him of the title of Professor Emeritus. He 
was elected a fellow of King's College in 1909. During 
the last two years of his life he held the position of 
special lecturer and, as a consequence, was able to devote 
himself to advising and helping students, both past and 
present, in their efforts to secure employment, and it 
was gratifying to him to see that this was attended with 
a considerable measure of success. Possessing a retiring 
and modest nature, he made little effort to bring himself 
or his work to the notice of the public or even of the 
engineering profession, but, on the other hand, few 
teachers could claim so large a circle of friends or so 
sincere a regard as that in which he was held. He was 
elected a Member of the Institution in 1890, and served 
on the Council from 1929 until his death, which took 
place on the 17th February, 1932. J. K. C.-S. 

STEPHEN NEWCOME WILSON was born on the 
26th December, 1864, and was appointed to the Indo- 
European Telegraph Department of the Government of 
India in February 1883. Ten years later he was specially 
selected to make a survey for a telegraph line from 
Las Bela to Kuhak, and afterwards was almost con¬ 
tinuously employed in the survey, construction, and 
maintenance of the telegraph lines in Makran. His 
most important work was the construction of the line 
from Karachi to Nok Kondi, a length of 62Q miles through 
remote and difficult country where the inhabitants were 
frequently unfriendly and sometimes hostile. He showed 
conspicuous ability in his dealings with the rather diffi¬ 
cult peoples inhabiting that part of the world. They 
got to know him well and trusted him, so that his 
influence proved a real help to the political authorities 
in the troublesome times of the War when foreign agents 
were busy trying to stir up disaffection. Towards the end 
of his service he was appointed assistant director, and he 
retired in 1920 after 37 years' valuable service. He was 
elected an Associate of the Institution in 1887, an Asso¬ 
ciate Member in 1899, and a Member in 1907. M. G. S. 
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Abstracts, Science, Council’s report on. 30. 

-, Science, circulation of. D. J. Bolton, (d), 977. 

Accounts, Annual, for 1931. 34. 

-, Annual, for 1931, Council’s report on. 31. 

-, Benevolent Fund, for 1931. 40. 

Acoustic and telephone measurements. H. IL Harbottle, 
(p), 605; (d), 632. 

Adams, M. H. Modern boiler plant, (d), 585. 

Adcock direction-finding systems, night errors in. J. F. 
Coales, (p), 497. 

Aerials, earthed^ receiving, investigation of. F. M. Cole- 
brook, (p), 235. 

-, effect of earth on radiation from, discussion on. 133. 

Allan, P. F. Obituary notice. 982. 

Allen, Attfield and Co. Reappointed auditors, 1932. 978, 

Allibone, T, E. 

Developments in cathode-ray oscillographs, (d), 71, 
Measurements with hot-filament cathode-ray tubes, 
(D), 71. 

Allwood, S. J. Modern boiler plant, (d), 598. 
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systems to. K. Blades and A. C. MacQueen, (p), 737; 
(D), 754. 

Analysis of electricity .supplv costs. E. H. E, Woodward 
and W. A. Carne, (p), 852; (d), 893. 

-, wave-form, resonance method of. C. F. J. Morgan, 

(p), 819. 

Anderson, James. Electrical heating of buildings. (d),200. 

Angwin, a. S. 

Acoustic and telephone measurements, (d), 632, 

Modern communication systems, (d), 791. 

Anniversary Celebrations and Conferences, Council’s report 
on. 29, 

Annual General Meeting, 1932, proceedings of. 977. 

Antenna. Aerials Wireless.) 

Appleton, E. V. Wireless studies of the ionosphere, (p), 
642. 
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Arc, a.c., in oil, phenomena of. H. Pearce and T. T. Evans, 
(p),704. 

-at brush contact. P. Hunter-Brown and C. J. Hews, 

(P),807. 

-, flash, in high-power valves. B. S. Gossling, (p), 460; 

(D), 483. 
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Argentina, Local Hon. Secretary for, R. G. Parrott ap¬ 
pointed. 26. 

Armature windings, d.c., heat losses in. E. A. Hanney, 
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Ashbridge, N. Selectivity of broadcast receivers, (d), 103. 
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Bushing insulators for outdoor transformers, (d), 228, 

Oil circuit-breaker design and performance, (d), 733. 

Atkinson, Ll. B. 

Speaking at Annual General Meeting, 1932. 977. 

Vote of thanks to Dr. Sumpner for Kelvin Lecture. 977. 
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(p), 642. 
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finder. G. H. Munro and L. G. H. Huxley, (p), 488. 

Attenuation of short wireless waves. G. H. Munro, (p), 135. 
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Ayres, W. E. M. Application of induction voltage regulator, 
(D), 974. 
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Babb, H. C. Commercial cooking by electricity, (d), 187. 
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Bailey, C. E. G. Selectivity of broadcast receivers, (d), 

111 . 
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•Bartholomew, S. C. Metal-clad switchgear, automatic 
protection, etc. (d), 338. 
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Testing of radio receivers, (d), 126. 
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Bowker, H. C. Dielectric phenomena at high voltages. 
(d), 99. 

Bowman, J. M. Electrical heating of buildings, (d), 206. 
Brassington, W. D. Electrical heating of buildings. 
(D), 204. 

Brazil, H. Change-over of l.t. distribution from d.c. to a.c. 
(D), 756. 

Breakdowns. (See Faults.) 

Britten, T. Obituary notice. 983. 

Broadcasting. (Sea Wireless.) 

Brooke, H. A. Selectivity of broadcast receivers, (d), 109. 
Brooking, J. H. C. Two transmission-line problems. 
(D), 259. 

Brooks, R. Oil circuit-breaker design and performance. 
(D), 734. 

Brown, D. H. Modem boiler plant, (d), 598. 

Brown, J. K., and Kopeliowitch, J. • 

Fault clearance on large networks, (d), 728. 

Metal-clad switchgear, automatic protection, etc. (d), 651. 
Oil circuit-breaker design and performance, (d), 728. 
Brown, W. J. 

Selectivity of broadcast receivers. (d) , 112. 

Testing of radio receivers, (d), 128. 

Bruce, J. 

Awarded Institution Premium. 143. 
f Modem boiler plant, (p), 541; (d), 601. 

Brushes and brush holders, design of. P. Hunter-Brown 
and C. J. Hews, (p), 799. 

Builder, G. 

Selectivity of broadcast receivers, (d) , 112. 

Studies in radio transmission, (d), 456. 

Building Act (1930), London, Councils report on. 31. 


Building, Institution. (See Institution.) 

Buildings, electrical heating of, discussion on. 192. 

-, Regulations for Electrical Equipment of. (See Regula¬ 
tions, Wiring.) 

Buist, D. M. Metal-clad switchgear, automatic protection, 
etc. (d), 344. 

Bulkley, j. N. Obituary notice. 983. 

Burch, F. P. Flash-arc in high-power valves, (d), 484. 
Burch, F. P., and Whelpton, R. V. High-speed cathode- 
ray oscillograph. (p), 380; (d), 833. 

Burge, W. S. 

Elected Member of Council. 402. 

Modem boiler plant, (d), 583. 

Burns, G. A. Growth of electrical measurement, (d), 527. 
Burns, S. Electrical conveyors in coal mines, (d), 163. 
Burr, J. W. Modern boiler plant, (d), 594. 

Bush, P. F. W. 

Application of induction voltage regulator, (d), 969. 
Recent progress in large transformers, (d), 969. 

Bushing insulators for outdoor transformers, discussion on. 
227. 


C. 

Cables and Conductors. 

Conductor vibration in transmission lines, discussion on 
258. 

Intermittently-loaded Anglo-Belgian telephone cable. 
A. Rosen, (d), 790. 

Submarine cables, relative costs of. F. Luschen, (d), 796. 
Telegraph cable problem and Heaviside’s operator 
method. W. E. Sumpner, (p), 845. 

Calthrop, j. E. 

Developments in cathode-ray oscillographs, (d), 70. 
Measurements with hot-filament cathode?ray tubes, (d) 
70. 

Campbell, H, A. Change-over of l.t. distribution from d.c. to 
a.c. (d), 757. 

Canada, hydro-electric power in. E. C. Thorite, (p), 389. 

--, Wireless Sections in, formation of. 30. 

Capacitance of guard-ring sphere-gap. G. Yoganandam, 
(p), 830. 

Carne, W. A., and Woodward, E. H. E, 

Analysis of electricity supply costs, (p), 862; (d), 905. 
Awarded a Premium. 144. 

Carr, J. L. 

Analysis of electricity supply costs, (d), 903. 
Change-over of l.t. distribution from d.c. to a.c. (d), 761. 
Carr, T. H. Electrical heating of buildings, (d), 193. 
Carrothers, C. G., and Kapp, R. O. 

Awarded a Premium. 144. 

Faults, and their clearance on large networks, (p), 685 ‘ 
(D), 729. 

Carter, T. 

Electrical heating of buildings, (d), 195. 

Fault clearance on large networks, (d), 723. 

Oil circuit-breaker design and performance, (d), 723. 
Cathode-ray direction-finder, shipboard observations with. 
G. H. Munro and L. G. H. Huxley, (p), 488. 

-— oscillograph, circular time-base for. Staff of Radio 

Research Station (Slough), (p), 82. 

-oscillograph, developments in. A. B. Wood, (p), 41; 

(D), 70. 

-oscillograph, high-speed. F. P. Burch and R. V. 

Whelpton, (p), 380; (d), 832. 

-tubes, measurements with. J. T. MacGregor-Morris 

and H. Wright, (p), 57; (d), 70. 

Catterson-Smith, j. K. 

Elected Member of Council. 402. 

Electrification of GJ.P, Railway, (d), 966. 
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Catterson-Smith, J. K. {continued). 

Fault clearance on large networks, (d), 726. 

Oil circuit-breaker design and performance, (d), 726. 
Centres, Local. (See Local Centres.) 

Certificates, national. (See Education.) 

Change-over of d.c. distribution to a.c. H. Blades and 
A. C. MacQueen, (p), 737; (d), 754. 

Chapman, S. Studies in radio transmission, (d), 455. 
Chard, F. de la C. 

Application of induction voltage regulator, (d), 969. 
Recent progress in large transformers, (d), 969. 

Charley, R. M. Recent progre.ss in large transformers 
(D), 970. 

Chattock, R. a. Change-over of l.t. distribution from d.c. 
to a.c. (D). 757. 

Circle, Engineers* German, formation of. 835. 
Circuit-breakers, oil, design and performance of. H. Pearce 
and T. T. Evans, (p), 703; (d), 721. 

-, standard short-circuit tests of. H. W. Clothier rn) 

318. ’ 

Clark, C. H. W. Awarded Duddell Scholarship for 1931-32 
28. 

Clark, F. J. Grant from War Thanksgiving Research Fund 
29. 

Clarke, C. R. Two transmission-line problems, (d), 260. 
Clarke, H. M, Polyphase commutator induction motors. 
(d), 399. 

Clephan, G. Electrical conveyors in coal mines, (d), 163. 
Clinch, W. N. C. Modern boiler plant, (d), 577. 

Clothier, H, W. 

Awarded John Hopkinson Premium. 143. 

Electrical conveyors in coal mines, (d), 166. 

Electrical heating of buildings, (d), 192. 

Metal-clad switchgear, automatic protection, and remote 
control, (p), 285; (d), 351, 654. 

Coal. (See Fuel.) 

Coal mines, electrical conveyors in. W. B. Hird and J. B. 
Mayor, (p), 145; (d), 160. 

Coales, J. F. Night errors in Adcock direction-finding 
systems, (p), 497. 

Coates, W. A. 

Fault clearance on large networks, (d), 725. 

Metal-clad switchgear, automatic protection, etc. (d) 
330, 350. 

Oil circuit-breaker design and performance, (d), 725. 
Cohen, B. S. Acoustic and telephone measurements. 
(d), 632. 

Cohen, I. J. Selectivity of broadcast receivers, (d), 106. 
Coil ignition systems, discussion on. 263. 

- , inductance, design of. C. F. J. Morgan, (p), 826. 

Colebrook, F. M. Investigation of earthed receiving 
aerials, (p), 235. 

COLLARD, J. 

Acoustic and telephone measurements, (d), 637. 

Mutual impedance of circuits with earth return, (p), 674. 
Collieries. (See Coal mines.) 

Combustion and modem boiler plant. J. Bruce, (p), 564. 
Communication. (Also see Telegraphy and Telephony.) 

-circuits and power circuits, interference between, dis- 

cus.sion on. 251. 

- - circuits, safeguarding of. H. W. Clothier, (p), 329. 

- systems, modern. F. LOschen, (p), 776; (d), 787. 

Components, symmetrical, and phase convertor. F. M. 
Denton, (p), 663. 

-, symmetrical, of line current and voltage, and relay 

. operation. R. O. Kapp and C. G. Carrothers, (p), 700; 
Conditions, Model, for Contracts, Council's report on. 30. 
Conductors. Cables and Conductors.) 

Conference, International, on large electric systems. (See 
International.) 


Conferences, annual. Council's report on. 29. 

Congress, International Electrical, 1932, Council’s report on. 
29. 

Congress, Public Works, 1933, prizes for papers at. 538. 
Conner, S. J. Electrical heating of buildings, (d), 204. 
Constants, annual tables of, reprint of. 835. 

Consumers, types of, and electricity supply costs. E. H. E. 

Woodward and W. A. Carne, (p), 852; (d), 893. 
Contracts, Model Conditions for. (See Conditions.) 

Control (remote), metal-clad switchgear, and automatic 
protection. H. W. Clothier, (p), 286; (d), 330, 651. 
Conversazione, 1931, Council's report on, 30. 

-of overseas members, 1932. 835. 

Convertor, phase, and symmetrical components. F. M* 
Denton, (p), 663. * 

Conveyors, electrical, in coal mines. W. B. Hird and J B 
Mayor, (p), 145; (d), 160. 

Cooking, commercial, by electricity. T. Settle, (p) 171* 
(d), 180. \ » 

Cooper, A. H. Testing of radio receivers, (d), 129. 

Cooper, Andrew R. Electrical conveyors in coal mines 
(d), 163. 

Cooper, H. C. Analysis of electricity supply costs, (d), 896. 
Cooper, W. F. Growth of electrical measurement, (d), 628. 
Cooper, W. J. Electrical conveyors in coal mines, (d), 166. 
Coopers Hill War Memorial Prize for 1931 awarded to M G 
Say. 26. 

CORFIELD, D. N. Selectivity of broadcast receivers, (d), 108. 
Costs of electricity supply, analysis of. E. H. E. Woodward 
and W. A. Carne, (p), 852; (d), 893. 

CouLSON, W. A. Obituary notice. 983. 

Council for year 1932-33; result of ballot. 402. 

-nominations for election to. 143, 283. 

-”, report of, for 1931-32. 24. 

Cox, W. R. Metal-clad switchgear, automatic protection 
etc. (D), 333. 

Cramp, W. . 

Change-over of l.t. distribution from d.c. to a.c. (d), 760, 
Electrical heating of buildings, (d), 201. 

Cranmer, j. P. Metal-clad switchgear, automatic protec¬ 
tion, etc. (d), 337. 

Crocker, W. A. Metal-clad switchgear, automatic protec¬ 
tion, etc. (d), 338. 

Croft, E. H. Electrification of G.I.P. Railway, (d), 964. 

D. 

Damant, E. L. Modern boiler plant, (d), 600. 

Dance, H. E. Growth of electrical measurement, (b), 526. 
Darwin, W. T. Awarded Paul Scholarship for 1931-32. 
29. 

Daventry 5XX and 6GB circuits. B. S. Gossung, (p), 472. 
Davies, D. R. Oil circuit-breaker design and performance. 

^ W. 732. 

Davies, E. J. 

Application of induction voltage regulator, (d), 969. 
Recent progress in large transformers, (d), 969. 

Davies, L. J. Flash-arc in high-power valves, (d), 485. 
Davis, R. 

Developments in cathode-ray oscillographs, (d), 77. 
Measurements with hot-filament cathode-ray tubes 
'M77.. ,v, ■ . 

Davtson, G. N. Awarded Swan Memorial Scholarship for 
1932-33. 682; 

Deaths of members. 25. v ^ ^ 

Denham, J. Obituary notice. 983. 

Denton, F. M. Symmetrical components and phkse con¬ 
vertor. (p), 663. 

Dewhurst, H. Selectivity of broadcast receivers, (d), 110, 
Dickinson, A. Modem boiler plant, (d), 687. 
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Dickinson, E. W., and Grimmitt, H. W, 

Awarded Paris Premium. 143. 

Design of rural distribution system, (d), 86. 

Dielectric phenomena at high voltages, discussion on. 97. 
Digby, W. P. Analysis of electricity supply costs, (d), 895. 
Dinner, Annual, 1932. CounciPs report on. 30. 

Diplomas, national. [See Education.) 

Direct-current l.t. distribution change-over to a.c. H. 

Blades and A. C. MacQueen, (p), 737; (d), 754. 
Direction-finder, cathode-ray, shipboard observations with. 

G. H. Munro and L. G. H. Huxley, (p), 488. 
Direction-finding systems, Adcock, night errors in. J. F. 

Co ALES, (p), 497. 

Discussions at meetings. 835. 

-, written contributions to, from members overseas. 143. 

Distinctions conferred on members. 25. 

Distribution. {Also see Transmission.) 

--system of Southern Canada Power Co. E. C. Thorne, 

(p). 396. 

-system, rural, design of, discussion on. 86. 

r-systems, l.t.; change-over from d.c. to a.c. H. Blades 

and A. C. MacQueen, (p), 737; (d), 754. 
d'Ombrain, G, L. Awarded David Hughes Scholarship for 
1931-32. 29. 

Domestic supplies, load curves of, E, H. E. Woodward and 
W. A. Carne, (p), 881. 

Donaldson, J. M. Speaking at Annual General Meeting, 
1932. 977, 978. 

Downs, R. S. Commercial cooldng by electricity, (d), 180. 
Drake, B. M. Obituary notice. 984. 

Dransfield, F. Modem boiler plant, (d), 597. 
Dransfield, H. S. Metering of e.h.t. supplies, (d), 519. 
Driver, J. F. Electrical heating of buildings, (d), 210. 
Drysdale, C. V. 

Absolute measurement of high electrical pressures. 
(D), 18. 

Developments in cathode-ray oscillographs, (d), 70. 
Measurements with hot-filament cathode-ray tubes. (d) , 70. 
Duddell Premium awarded to T. L. Eckersley. 144, 

-Scholarship, award of: 

1931- 32. C. H. W. Clark. 28. 

1932- 33. P. J. Rattue. 682. 

Duncan, D. M. Electrical heating of buildings, (d), 211. 
Duncan, W. Commercial cooking by electricity, (d), 187. 
Dundas, W. Electrical heating of buildings, (d), 198. 
Dunn, W. K. Modem communication systems, (d), 794. 
Dust extraction and modem boiler plant. J. Bruce, (p), 575. 
Dutton, G. F. Acoustic and telephone measurements. 
(d), 636, 

E. 

Earth, effect of, on radiation from aerials, discussion on. 133. 

-return, mutual impedance of circuits with. J. Collard 

(p), 674. ^ 

-surface of, attenuation of short wireless waves at. 

G. H. Munro, (p), 135. 

—— wire, pilot. R. O. Kapp and C. G. Carrothers, (p), 699. 
Earthed receiving aerials, investigation of. F, M. Colebrook 
(P), 235. 

Earthing and mral distribution. E. W. Dickinson and 

H. W. Grimmitt, (d), 90. 

-, multiple, and reactance of fault circuit. R. O.- Kapp 

and C. G.. Carrothers, (p), 691. 
w—regulations and wa.ter-heaters. H. W. Clothier, (d) 
193. 

Egcles, H. B. Growth of electrical measurement, (d), 628. 
Eccles,'‘J. * , 

Commercial cooking by electricity, (d), 188. 

Growth of electrical measurement, (d), 625. 

Echo measurement, short-wave. T. L. Eckersley, (p), 405. 


Eckersley, T. L. 

Awarded Duddell Premium. 144, 

Studies in radio transmission, (p), 405; (d), 467. 
Economizers and modern boiler plant. J. Bruce, (p), 557. 
Edgar, C. L. Obituary notice. 984. 

Edison, T. A. Obituary notice. 984. 

Education. 

Graduateship Examination. (See Examination.) 

National certificates and diplomas, awards of. 24. 

-certificates and diplomas, list of colleges approved 

for. 538. 

Scholarships, award of. (See Scholarships.) 

War Thanksgiving Research Fund grants. (See War.) 
Edwards, F. S., Perry, F. R., and Goodlet, B. L. Di¬ 
electric phenomena at high voltages, (d), 100 . 
Efficiency, thermal, of boiler plants. J. Bruce, (p), 546. 
Elections. 283, 403, 540. 

Electricity Regulations. (See Regulations.) 

Electromagnetic theory. W. E. Sumpner, (p), 839. 
Electro-medical and Radiological Committee set up. 31. 
Ellerd-Styles, W. Commercial cooking by electricity. 
(d), 181. 

Ellipsoid voltmeter. W. M. Thornton and W. G. Thompson 
(P). 5. 

Engholm, a. G. Electrical heating of buildings, (d), 203. 
Esskildsen, M. K. Obituary notice. 985. 

Evans, E. J. Dielectric phenomena at high voltages. 
(d), 98. 

Evans, T. T. Metal-clad switchgear, automatic pi'otection, 
etc. (d), 347. 

Evans T. T., and Pearce, H. 

Awarded a Premium. 144. 

Oil circuit-breaker design and performance, (p), 703; 
(D), 730, 736. 

Evenden, j. S. Modern boiler plant, (d), 696. 
Examination, Graduateship, CounciTs report on. 24. 

--, Graduateship, results (May 1932). 403. 


Facsimile measurement, short-wave. T. L. Eckersiey 
(p), 406. 

Fahie Premium awarded to H. Kingsbury and R. A. Good¬ 
man. 143. 

Faraday Centenary Celebrations, 1931, Council’s report on 
29. 

-Lecture, 8th, Councils report on. 28. 

-Medal awarded to Sir Oliver Lodge. 25, 401. 

-Medal presented to Sir Oliver Lodge. 977. 

Faulkner, H. Flash-arc in high-power valves, (d), 483. 
Faults, analysis of, in operation of G.I.P. Railway. F. 
Lydall, fp), 936. 

-, automatic isolation of. H. W. Clothier, (p), 307. 

-, clearance of, on large networks. R. O. Kapp and C. G. 

Carrothers, (p), 685; (d), 721. 

-on Southern Canada Power Co.’s system. E. C. Thorne 

(p), 395. ' 

Fawssett, E. 

Absolute measurement of high electrical pres.sures. (d), 

22 , 

Metering of e.h.t. supplies, (d), 518. 

Fay, a. H. Change-over of l.t. distribution from d.c. to a.c. 

(d), 764. 

Fennell, W. 

Analysis of electricity supply costs, (d), 904. 

Bushing insulators for outdoor transformers, (d), 228. 
Ferguson, S. 

Metal-clad switchgear, automatic protection, etc. (d). 
331,347. V 

Oil circuit-breaker design and performance, (d), 732, 
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Ferranti, presentation of oil painting of. 26. 

-Scholarship, award of: 

1931- 32. W. G. Thompson. 28. 

1932- 33. C. D. J. Statham. 682. 

Fiander, C. M. Commercial cooking by electricity, (d) 
184. 

Filter, Royal Aircraft Establishment intermediate-frequency. 

H. Dewhurst, (d), 110. 

Fitzpayne, E. R. L. 

Coil ignition systems, (d), 256. 

Modern tramway rolling stock, (p), 531. 

Flash-arc in high-power valves. B. S. Gossltng, (p), 460* 
(d), 483. 

Fleming, A. P. Elected Member of Council. 402. 

Flue gas and dust extraction. J. Bruce, (p), 575. 

Flux, magnetic. (See Magnetic.) 

Fluxes, nature of, in Maxwell’s theory. \V. E. Sumpner 
(p), 850. 

Forster, W. J. Change-over of l.t. distribution from d.c. to 
a.c. (D), 764. 

Fortescue, C. L. 

Flash-arc in high-power valves, (d), 483. 

Selectivity of broadcast receivers, (p), 102; (d), 112 . 
Fraenkel, P. H. Appointed Local Hon. Secretary for 
Western Australia, 26. 

Fraser, H. G. Electrical heating of buildings, (d), 197. 
Fuchs, A. Analysis of electricity supply costs, (d), 904. 
Fuel, pulverized, developments. J. Bruce, (p), 543. 
Functions, circular and hyperbolic, tables of. 980. 

Furnaces, high-frequency valve-operated induction. H. 
PIiRST, (p), 965. 

Furse, W. F. Electrical heating of buildings, (d), 210. 


Gamage, j. E. Electrical heating of buildings, (d), 207. 
Garrard, C. C. 

Fault clearance on large networks, (d), 721. 

Oil circuitsbreaker design and performance, (d), 721. 
Gatlby, T. a. B. Growth of electrical measurement. 
(D), 528. 

Gaze, H. P. Modern boiler plant, (d), 579. 

Generating equipment for radio receiver testing. H. A. 
Thomas, (p), 116. 

Generator, electric, heat losses in d.c. armature windings of. 

E. A. Hanney, (p), 263; (d), 975. 

Geoghegan, F. W. Obituary notice. 986. 

German Circle, Engineers’, formation of, 835. 

Gibbons, A. J. Metering of e.h.t. supplies, (d), 521. 
Gifford, R. D. Electrical heating of buildings, (d), 202. 
Gifts to the Institution. 30. 

Gill, B. Electrical heating of buildings, (d), 211. 

Gillott, W. a. Commercial cooking by electricity, (d), 
183, 186. 

Gogan, j. Electrical conveyors in coal mines, (d), 166. 
Goodlet, B. L., Edwards, F. S., and Perry, F. R. Di¬ 
electric phenomena at high voltages, (d), 100 . 
Goodman, R. A., and Kingsbury, H. Awarded Fahie 
Premium. 143. 

Gossltng, B. S. 

Awarded a Wireless vSection Premium. 144. 

Flash-arc in high-power valves, (p), 460; (d), 485. 
Graduateship Examination. (See Examination.) 

Grant, L. C. Metal-clad switchgear, automatic protection, 
etc. (d),, 344. 

Gregson, W. Modern boiler plant, (d), 590. 

Gridley, Sir Arnold. Analysis of electricity supply costs. 
(D), 898. 

Grierson, R. Electrical heating of buildings, (d), 211. 
Griffith, W. G. Obituary notice. 986. 


Grimmitt, H. W., and Dickinson, E. W. 

Awarded Paris Premium. 143. 

Design of rural distribution system, (d), 86. 

Grogan, F. S. Electrical heating of buildings, (d), 208. 
Grove, P. F. Metal-clad switchgear, automatic protection, 
etc. (d), 339. 

Grover, E. E. Electrical conveyors in coal mines, (d), 166. 
Guard-ring sphere-gap, capacitance of. G. Yoganandam, 
(P), 830. 

Gummer, R. H. Modern boiler plant, (d), 599. 

Gunn, G. 

Commercial cooking by electricity, (d), 188. 

Growth of electrical measurement, (d), 525. 

Gwyther, C. W. Obituary notice. 986. 

H. 

Hackett, Winifred. Grant from War Thanksgiving 
Research Fund. 29. 

Hainsworth, C. H., and Wall, T. F. Penetration of 
alternating magnetic flux in wire ropes, (p), 374. 
Hamilton, J. Modern boiler plant, (d), 590. 

Hancock, W. J. Obituary notice. 987. 

Hands, A. Obituary notice. 987. 

Hanney, E. A. Heat losses in d.c. armature windings, 
(p), 263; (d), 975. 

Harber, F. O. Change-over of l.t. distribution from d.c. to 
a.c. (D), 757. 

Harbottle, H. R. Acoustic and telephone measurements, 
(p), 605; (D), 639. 

Hardy, V. C. Commercial cooking by electricity, (d), 181. 
Harle, j. a. Absolute measurement of high electrical 
pressures, (d), 22. 

Harrison, H. H. 

Growth of electrical measurement, (d), 527. 

Modern communication systems, (d), 787. 

Harrison, Sir Richard. Obituary notice. 987. 

Hart, A. B. Modem communication systems, (d), 787. 
Haslam, S. B. Growth of electrical measurement, (d), 528. 
Haworth, A. N. Oil dircuit-breaker design and performance. 
(D), 733. 

Hay, a. Obituary notice. 987. 

Heat losses in d.c. armature windings. E. A. Hanney, (p), 
263; (d), 975. 

Heating, electrical, of buildings, discussion on. 192, 

Heaviside layer, existence of. E. V. Appleton, (p), 642. 
Heaviside (Oliver), work of (23rd Kelvin Lecture). W. E. 
Sumpner, (p), 837. 

Herbert, T. E. Modem communication systems, (d), 792. 
Herd, J. F. 

Developments in cathode-ray oscillographs, (d), 72, 
Measurements with hot-filament cathode-ray tubes. 
(D), 72. 

Studies in radio transmission, (d), 456. 

Heslop, F. Modern boiler plant, (d), 595. 

Hews, C. J., and Hunter-Brown, P. Design of brushes and 
brush holders, (p), 799. 

Higham, J. B. J. Modern boiler plant, (d), 593. 

Highfield, W. E. 

Metal-clad switchgear, automatic protection, etc. (d), 
339. 

Modern boiler plant, (d), 680. 

Hill, E. W. Metering of e.h.t. supplies, (d), 519. 

Hill, S. M. Modern boiler plant, (d), 595. 

Hill,W. : . 

Application of induction voltage regulator, (d), 969. 
Electrical heating of buildings, (d), 208. 

Recent progress in large transformers, (d), 969.* 

Hindley, Sir Clement. Electrification of G.I.P. Railway. 
(d), 952, 
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Hines, J. G. Modern communication systems, (d), 788. 
Hird, C. H. Analysis of electricity supply costs, (d), 898. 
Hird, W. B., and Mayor, J. B. Electrical conveyors in coal 
mines, (p), 145; (d), 167. 

Hirst, H. High-frequency valve-operated induction fur¬ 
naces. (p), 965. 

Hobson, H. Analysis of electricity supply costs, (d), 894. 
Hollingworth, j. Studies in radio transmission, (d), 456. 
Holmes, M. G., and Salter, L. F. Development of London 
automatic telephone system, (p), 535. 

Holmes, Wilfred. Coil ignition systems, (d), 253, 
Honorary Member, W. M. Mordey elected. 25, 401. 

Honours and distinctions conferred on members. 25. 
Hooper, H. Electrical heating of buildings, (d), 202. 
Hopkinson (John) Premium awarded to H. W. Clothier. 
143. 

Horsley, J. A. B. Electrical conveyors in coal mines. 
(D), 161. 

Hoseason, D. B. Electrical conveyors in coal mines. 
(D), 161. 

Hot-plates for heavy-duty apparatus. T. Settle, (v). 174 
Howarth, O. 

Analysis of electricity supply costs, (d), 902. 

Change-over of l.t. distribution from d.c. to a.c. (d), 762. 
Oil circuit-breaker design and performance, (d), 734. 
Howe, G. W. O. 

Electrical heating of buildings, (d), 205. 

Growth of electrical measurement, (d), 526. 

Hughes (David) Centenary, 1931, Council’s report on. 29. 
-Scholarship, award of: 

1931- 32. G. L. d’Ombrain. 29. 

1932- 33. R. G. Armstrong. 682. 

Hughes, L. E. C. Acoustic and telephone measurements. 
(D), 634. 

Hunt, R. H. Modern communication systems, (d), 795 . 
Hunter-Brown, P., and Hews, C. J. Design of brushes 
and brush holders, (p), 799. 

Huxley, L. G. H., and Munro, G, H. Shipboard observa¬ 
tions with cathode-ray directioii-finder, (p), 488. 
Hydro-electric power in Canada. E. C. Thorne, (p), 389. 
H3q)erbolic and complex circular functions, tables of. 980. 

1 . 

Ignition systems, coil, discussion on. 253. 

Impedance, mutual, of circuits with earth return. J. Col- 
lard, (p), 674. 

Indian (Gt.) Peninsula Railway, electrification of sections of. 

F. Lydall, (p), 911; (d), 951. 

Informal Meetings, Council’s report on. 27. 

-meetings, proceedings of. 539. 

Initials, membership, unauthorized use of. 26. 

Institution building. Council's report on use of. 25. 

foundation of. A. G. Lee, (p), 964, 

-Notes. (5^^ Notes.) 

-Premium awarded to J. Bruce. 143. * 

—■ representatives on other bodies. (See Representatives.) 

Instrument Section, Meter and. {See Meter.) 

Insulation. Dielectric.) 

Insulators, bushing, for outdoor transformers, discussion on 
227. 

—, suspension, for industrial areas in Great Britain, dis¬ 
cussion on. 258. 

Interference between power and communication circuits, 
discussion on. 251. 

International Conference on large electric systems, pro¬ 
ceedings of. 683. 

-Electrical Congress, 1932, Council's report bn. 29. 

-r— relations. Council’s report on. 29. 

-- Union of Suppliers, Council’s report on; 29. 

Ionization of the atmosphere. E. V. Appleton, (p), 648. 


d. 

Jackson, J. M. Modern communication systems, (d), 794. 
Jackson, S. Modern communication systems, (d), 794. 
Jackson, W. Modern communication systems, (d), 793. 
Jamieson, D. 

Fault clearance on large networks, (d), 727. 

Oil circuit-breaker design and performance, (d), 727. 
Jenkins, G. W. Electrical heating of buildings, (d), 199. 
Jenkins, H. C. Electrical conveyors in coal mines, (d), 162, 
Jepson, a. E. 

Change-over of l.t. distribution from d.c. to a.c. (d), 764. 
Oil circuit-breaker design and performance, (d), 734. 
Jewsbury, S. S. Electrical heating of buildings, (d), 192. 
JOCKEL, L. M. 

Electrical heating of buildings, (d), 210. 

Modern boiler plant, (d), 599. 

John, W. J. 

Absolute measurement of high electrical pressures. 
(D),19. 

Bushing insulators for outdoor transformers, (d), 233. 
Johnston, A. W. Electrical heating of buildings, (d), 204. 
Jones, Edward. 

Application of induction voltage regulator, (d), 969. 
Recent progress in large transformers, (d), 969. 

Jones, W. J. Analysis of electricity supply costs, (d), 895. 
Journal, length of papers published in. 980. 

-, Students* Quarterly. (See Students’.) 

Julius, C. H. Obituary notice. 988. 

K. 

Kalyan power station for G.I.P. Railway. F. Lydall, (p), 
931. 

Kapp, R. O., and Carrothers, C. G. 

Awarded a Premium. 144. 

Faults, and their clearance on large networks, (p). 685* 
(D), 729. > 

Keefe, J. W. Obituary notice. 988. 

Keelan, R. E. Electrical conveyors in coal myjes. (d), 166. 
Kelvin Lecture, 23rd. W. E. Sumpner, (p), 837. 

-Lecture, vote of thanks to Dr. Sumpner for. 977. 

■——Premium awarded to W. M. Thornton and W. G. 
Thompson. 143. 

Kennedy, J. M. Speaking at Annual General Meeting, 1932. 
978. 

Kennedy, J. R. Awarded Students* Premium, 402. 

Kennelly-Heaviside layer. (See Heaviside.) 

Kidd, W. 

Metal-clad switchgear, automatic protection, etc. ^d) 
347. ^ 

Oil circuit-breaker design and performance.- (d), 734. 
Kingsbury, H., and Goodman, R. A. Awarded Fahie 
Premium. 143. 

Kirke, H. L. 

Flash-arc in high-power valves, (d), 485. 

Selectivity of broadcast receivers, (d), 109. 

Knight, F. W. A. Obituary notice. 988. 

Knowles, F. C. Growth of electrical measurement, (d) 
529. . 

Knox, A. H. C. Modern communication systems, (d), 794. 
Kopeliowitch, j., and Brown, J. K. 

Fault clearance on large network^ (d)> 728. 

Metal-clad switchgear, automatic protection, etc. (d), 
661. 

Oil circuit-breaker design and performance, (d), 728. 

\ . L. ^ 

Lackey, C. H. Awarded Silvanus Thompson Scholarship for 
1931-32. 29. 

Lawrence, C. F. Awarded Students' Premium. 402. 
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Lecture, Faraday. (See Faraday Lecture.) 

-, Kelvin. (See Kelvin.) 

Lee, a. G. The Varley brothers, (p), 958. 

Lees, J. B. 

Change-over of l.t. distribution from d.c. to a.c. (d), 760. 
Coil ignition systems, (d), 254. 

Leeson, B. H. Metal-clad switchgear, automatic protection, 
etc. (d), 336. 

Leete, E. Speaking at Annual General Meeting, 1932. 
978. 

Leigh, F. A. C. Electrification of G.I.P. Railway, (d), 
951. 

Library, Council's report on. 30. 

-, Reference, accessions to. 683, 836. 

Lillie, H. Awarded Students’ Premium. 402. 

Lipman, C. L. Metering of e.h.t. supplies, (d), 521, 

Load curve of G.I.P. Railway power station. F. Lydall, (p), 
945. 

-curves of various types of consumers. E. H. E. Wood¬ 
ward and W. A. Carne, (p), 881. 

Local Centres, Council’s report on. 26. 

-Hon. Secretaries abroad, new, appointed: 

Argentina. R. G. Parrott. 26. 

New Zealand. A. C. Owen. 26. 

Western Australia. P. H. Fraenkel. 26. 
Locomotives, electric, for G.I.P. Railway. F. Lydall, (p), 
918. 

Lodge, Sir Oliver. 

Awarded Faraday Medal. 25, 401. 

Faraday Medal presented to. 977. 

Vote of thanks to Dr. Sumpner for Kelvin Lecture. 977. 
Logan, E, A. 

Electrical heating of buildings, (d), 198. 

Two transmission-line problems, (d), 258. 

London autormtic telephone system, development of. 

M. G. Holmes and L. F. Salter, (p), 535. 

—— Building Act (1930), Council’s report on. 31. 

Long, T. A. Awarded Students* Prize. 402. 

Longman, R.nM. 

Dielectric phenomena at high voltages, (d), 99. 

Electrical heating of buildings, (d), 198. 

Losses, heat, in d.c. armature windings. E. A, Hanney, 
(p), 263; (d), 975. 

Loud-.speakers, frequency characteristics of. H. R. Har- 
BOTTLE, (p), 612. 

Low, D. W. Electrical heating of buildings, (d), 205. 
Lunn, A; L. 

Modern boiler plant, (d), 582. 

Speaking at Annual General .Meeting, 1932. 978. 

LtiSCHEN, F. 

Awarded a Premium. 144. 

Modern communication systems, (p), 776; (d), 795. 
Lydall, F. 

Awarded Ayrton Premium. 143. 

Electrification of sections of G.I.P. Railway, (p), 911; (d), 
955. 

M. 

McCulloch, R. 

Application of induction voltage regulator, (d), 968. 
Recent progress in large transformers, (d), 968. 
MacFarlane, J. E, 

Application of induction voltage regulator, (d), 968. 
Recent progress iii large transformers, (d), 968. 
McFarlane, W. 

Application of induction voltage regulator, (d), 968. 
Recent progress in large transformers, (d), 968. 
MacGrbgor-Morris, J. T. Developments in cathode-ray 
oscillographs, (d), 75.* 


MacGregor-Morris, J. T., and Wright, H. 

Awarded Silvanus Thompson Premium. 144. 

Measurements with hot-filament cathode-ray tubes. 
(p), 57; (d), 80. 

Mack, R. A. Modern communication systems, (d), 791. 

McKenna, J. J. Commercial cooking by electricity, (d), 
183. 

McKenna, P. Awarded Students’ Premium. 402. 

McKillop, P. a. 

Application of induction voltage regulator, (d), 967. 

Recent progress in large transformers, (d), 967. 

McKinnon, E. C. Metal-clad switchgear, automatic protec¬ 
tion, etc. (d), 350. 

Macleod, D. M. Electrical heating of buildings, (d), 204. 

McPetrie, j. S. Effect of earth on radiation from aerials. 
(D), 134. 

McPherson, W. L. Flash-arc in high-power valves, (d), 
485. 

MacQueen, a. C., and Blades, H. 

Awarded a Premium. 144. 

Change-over of l.t. distribution from d.c. to a.c. (p), 737 ; 
(d), 766. 

Macwhirter, R. A.c. rectification for power purposes, 
(p). 532. 

Magnetic field, rotating. F. M. Denton, (p), 663. 

-flux, penetration of, in wire ropes. T. F. Wall and 

C. H. Hainsworth, (p), 374. 

-(electro-) theory. Maxwell’s. W. E. Sumpner, (p), 

839. 

Magneto-ionic theory of wave propagation. E. V, Appleton, 
(P), 645. 

Mailloux, C. O. Obituary notice. 988. 

Mann, R. W. Electrical conveyors in coal mines, (d), 164. 

Marchant, E. W. 

Coil ignition systems, (d), 253. 

Elected President. 402. 

Growth of electrical measurement, (d), 527. 

Marine. (See Ships.) 

Marris, G. C. Modern communication systems, (d), 787. 

Marshall, A. H. W. Analysis of electricity supply costs, 
(d), 901. 

Martin, W.H. Modern boiler plant, (d), 584. 

Mathematical papers, notes on preparation of. 683. 

Mavor, j. B., and Hird, W. B. Electrical conveyors in 
coal mines, (p), 145; (d), 167. 

Mavor, S. Electrical conveyors in coal mines, (d), 167. 

Maxwell’s electromagnetic theory. W. E. Sumpner, (p), 839: 

May, j. Obituary notice. 989. 

Mears, a. 

Commercial cooking by electricity, (d), 187. 

Growth of electrical measurement, (d), 526. 

Measurements. (Also see Meter.) 

-, absolute, of high electrical pressures. W, M, Thornton 

and W. G. Thompson, (p), 1; (d), 16. 

^— , acoustic and telephone. H. R. Harbottle, (p), 605; 
(n), 632. 

-, electrical, growth of, discussion on. 625. 

--of mutual impedance of circuits with earth return. 

J. COLLARD, (p), 674. 

- , performance, on radio receivers. H. A. Thomas, (p), 

119. 

—, short-wave .signal. T. L. Eckersley, (p), 426. 

-—with hot-filament cathode-ray tubes. J. T, Mac- 
Gregor-Morris and H. Wright, (p), 67; (d), 70. . 

Medal, Faraday. (See Faraday Medal.), !» ■<» 

Medical (Electro-) Committee set up. 31. 

Meetings. (Also see Annual General, Informal, Meter Section, 
Summer, and Wireless Section.) 

——, discussions at. 836. 

—- held, list of. 26, 32. 
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Mellonie, S, R. 

Change-over of l.t. distribution from d.c. to a.c. (d), 765. 
Coil ignition systems, (d), 253. 

Metal-clad switchgear, automatic protection, etc. (d), 
351. 

Oil circuit-breaker design and performance, (d), 733. 
Members, deceased, list of. 25. 

-overseas. {See Overseas members.) 

Membership initials, unauthorized use of. 26. 

-of Institution. 24, 32. 

-subscriptions, reduction of. 143, 977. 

Mercury-arc rectifiers. R. Macwhirter, (p), 532. 

Meter. (Also see Measurements.) 

and Instrument Section, Council’s report on. 27. 

-and Instrument Section Premiums for 1931-32, award 

of. 144. 

and Instrument Section, proceedings of. 539. 

Metering of e.h.t. supplies. S. H. C. Morton, (p), 507: (d), 
518. \ \ 

Microphones, mechanical-electrical measurements on. H. R. 
Harbottle, (p), 624. 

Midgley, H. Modern boiler plant, (d), 591. 

Miller, J. L. 

Bushing insulators for outdoor transformers, (d), 229. 
Coil ignition systems, (d), 254. 

Developments in cathode-ray oscillographs, (d), 78. 
High-speed cathode-ray oscillograph, (d), 832. 
Measurements with hot-filament cathode-rav tubes 
(D), 78. 

Millington, G. Studies in radio transmission, (d), 455 . 
Mills, E. A. Two transmission-line problems, (d), 260. 
Mines, coal, electrical conveyors in. W. B. Hird and J B 
Mayor, (p), 145; (d), 160. 

Mines, R. 

Developments in cathode-ray oscillographs, (d), 74. 
Measurements with hot-filament cathode-ray tubes 
(D), 74. 

Minshull, O. W. Analysis of electricity supply costs 
(d). 899. 

Model Conditions for Contracts, Council’s report on. 30. 
Modulation meter. H. A. Thomas, (p), 124. 

Moffat, W. Electrical heating of buildings, (d), 208. 
Moffett, F, J, Obituary notice. 989. 

Moore, A. N. Modern boiler plant, (d), 593. 

Moore, G. E. Metal-clad switchgear, automatic protection 
etc. (d), 340. ' 

Mordey, W. M, 

Change-over of l.t. distribution from d.c. to a.c. (d), 755. 
Elected Honorary Member. 25, 401. 

Morgan, C. F. J. Resonance method of wave-form analysis 
(p), 819. 

Morton, S. H. C. 

Awarded a Meter Section Premium. 144. 

Growth of electrical measurement, (p), 529. 

Metering of e.h.t. supplies on secondary side of step-down * 
transformers, (p), 507; (d), 522. 

Motors, Electric. 

Heat losses in d.c. armature windings. E. A Hanney 
(p), 263; (d), 975. 

Motors for use at coal face. W. B. Hird and J. B. Mayor 
(p), 155. ’ 

Polyphase commutator induction motors, discussion on. 
399. 

MpNRO, G. H. Attenuation of short wireless waves at 
‘ • surface of earth, (p), 135. " 

Munro, G, H., and Huxley, L. G. H. Shipboard observa¬ 
tions with cathode-ray direction-finder. (p), 488. 

MuiiPHY, F. Selectivity of broadcast receivers, (d), 108 

Mutual impedance of circuits with earth return. T Collard 


N. 

New Zealand, Local Hon. Secretary for, A. C. Owen ap¬ 
pointed. 26. ^ 

New, C. G. M. Modern boiler plant, (d), 596. 

Nicholls, F. Modern boiler plant, (d), 600. 

Night errors in Adcock direction-finding systems. T. F. 
Coales, (p), 497. 

Nisbet, R. H. Testing of radio receivers, (d), 130. 

Norris, E. T. Bushing insulators for outdoor transformers 
(d), 227. 

Notes, Institution. 143, 283, 402, 538, 682, 835, 980. 


O. 

Obituary notices. 982. 

O’Brien, H. E. Electrification of G.I.P. Railway, (d), 

OcKENDEN, F. E. J. Metering of e.h.t. supplies, (d), 520. 
Oil circuit-breaker design and performance. H. Pearce and 
T. T. Evans, (p), 703; (d), 721. 

Oliphant, W. D. 

Awarded Students’ Premium. 402. 

Testing of radio receivers, (d), 127. 

Oliver, D. A. Acoustic and telephone measurements 
(D), 637. 

Orchard, F. A. Metal-clad switchgear, automatic protection, 
etc. (d), 345. 

Orme, B. S. Change-over of l.t. distribution from d.c. to a.c 
(d), 765. 

Oscillograph, cathode-ray, circular time-base for. Staff of 
Radio Research Station (Slough), (p), 82. 

-, cathode-ray, developments in. A. B.'wood. fp) 41* 

(d), 70. 

-, high-speed cathode-ray. F. P. BurCh and R. V. 

Whelpton, (p), 380; (d), 832. 

Ottley, P. W. Awarded Thorrowgood Scholarship for 
1931-32. 29. 

Ovens, electric. (See Cooking.) » 

Overhead power lines. (See Transmission.) 

Overseas members, activities of. Council’s report on. 26. 

-members, and written contributions to discussions. 143. 

-members, attendance register of. 682. 

-members, conversazione of. 835. 

Owen, A. C. Appointed Local Hon. Secretary for New 
Zealand. 26. 

P. 

Packham, W. B. Obituary notice. 989. 

Padel, S. H. Awarded Salomons Scholarship for 1931-32. 
29. 

Page Prize, award of: 

1930- 31. J. R. She WAN. 24, 402. 

1931- 32. C. F. Booth. 402. 

Painting, oil, of Ferranti, presentation of. 26. 

Papers, mathematical, notes on preparation of. 683. 

-published in Journal, length of. 980. 

Paris Premium awarded to E. W. Dickinson and H, W. 

Grimmitt. 143. 

Parker, W. A. H. 

Application of induction voltage regulator, (d), 969, 
Electrical heating of buildings, (d), 205. 

Growth of electrical measurement, (d), 528. 

Metering of e.h.t. supplies, (d), 520. 

Recent progress in large transformers, (d), 969. 

Parrott, R. G. Appointed Local Hon, Secretary for 
Argentina. 26. 

Parry, C. P. Modern boiler plant, (d), 592. 

Paul Scholarship awarded to W. T. Darwin. 29. 
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Pausey, E. B. • Modern boiler plant, (d), 592. 

Pearce, H. Metal-clad switchgear, automatic protection, 
etc. (d), 349. 

Pearce, H., and Evans, T. T. 

Awarded a Premium. 144. 

Oil circuit-breaker design and performance, (p), 703; 
(d), 730, 735. 

Peck, J. F, Modern boiler plant, (d), 599. 

Pegg, R. N. Change-over of l.t. distribution from d.c. to a.c. 
(D), 757, 

Penrose, J. Change-over of l.t. distribution from d.c. to a.c. 
(D), 763. 

Perks, J. N. R. Analysis of electricity supply costs, (d), 
896. 

Perry, F. R., Goodlet, B. L., and Edwards, F. S. Di¬ 
electric phenomena at high voltages, (d), 100 . 

Phase convertor and symmetrical components. F. M. 
Denton, (p), 663. 

Pick, F. Electrification of G.I.P. Railway, (d), 951. 
Pictures, still, transmission and reception of. C. J. F. 
Tweed, (p), 536. 

Pilot wire, effect of severance of. R. O. Kapp and C, G. 
Carrothers, (p), 698. 

Pitta WAY, K. Commercial cooking by electricity, (d), 185. 
Platt, F. C. Electrical heating of buildings, (d), 200. 
PococK, L. C. Acoustic and telephone measurements, 
(D), 635. 

PooLEs, F. PI. Modern boiler plant, (d), 597. 

Porter, G. L. Change-over of l.t. distribution from d.c. to 
a.c. (d), 762. 

Portrait of Ferranti, presentation of. 26. 

Potential divider, capacitance. A. B. Wood, (p), 53. 

_— divider for cathode-ray oscillograph. F. P. BIirch and 
R. V. Whelpton, (p), 385. 

Power Supply. 

Analysis of electricity supply costs. E. H. E. Woodward 
and W. A. Carne, (p), 852; (d), 893. 

Breakdowns. (5^^ Faults.) 

Change-OTer of l.t. distribution from d.c. to a.c. H. 

Blades and A. C. MacQueen, (p), 737; (d), 754. 

De.sign of rural distribution system, discussion on. 86. 
Plydro-electric power in Canada. E. C. Thorne, (p), 
389. 

Interference between power and communication circuits, 
discussion on. 251. 

International Conference on large electric systems. 683, 
Kalyan power station for G.I.P. Railway. F, Lydall, (p), 
931. 

pREECE, G. G. L. Change-over of l.t. distribution from d.c. 
to a.c. (d), 761. 

Premiums for 1931-32, award of. 143, 402. 

Pressures, electrical. (See Voltage.) 

Price, B. L. Modern boiler plant, (d), 595. 

Price, H. T., and Webster, C. T. Awarded Students* 
Premium. 402. * 

Prize, Coopers Hill War Memorial; (See Coopers Hill.) 

-- Page. (See Page Prize.) 

-, Students'. Students’Prize.) 

Prizes for papers at Public Works Congress, 1933. 538. 
Proceedings of Informal Meetings. 539, 

-- of Meter and Instrument Section. 539. 

-of the Institution. 401, 976. 

-of Wireless Section. 283,538. 

Progress reviews, Council’s report on. 28. 

Protection (automatic), remote control, and metal-clad 
switchgear. H. W. Clothier, (p), 285; (d), 330, 651. 
Protective systems and fault clearance. R. O, Kapr and 
C, G. Carrothers, (p), 685. 

Pulverized-fuel developments. J. Bruce, (p), 543. 

Purse, F. W. Analysis of electricity supply costs, (d), 893. 


Purves, Sir Thomas. 

Modern communication systems, (d), 787. 

Vote of thanks to Dr. Sumpner for Kelvin Lecture. 977. 
Pybus, P. j. Congratulations on appointment as Minister 
of Transport. 25, 


R. 

Radiation from aerials, effect of earth on, discussion on. 133. 
Radio Research Station (Slough), Staff of. Circular 
time-base for cathode-ray oscillograph, (p), 82. 

Radio telegraphy and telephony. (See Wireless.) 
Radiological and Electro-medical Committee set up. 31. 
Radley, W. G. Interference between power and com¬ 
munication circuits, (d), 252. 

Railway. (Also see Traction, Electric.) 

Railway trains, electric cooking on. T. Settle, (p), 176. 
Ratcliffe, j. A. Effect of earth on radiation from aerials. 
(D), 133. 

Ratcliffe, J. A., Vedy, L. G., and Wilkins, A. F. Awarded 
a Wireless Section Premium. 144. 

Rattue, P. j. Awarded Duddell Scholarship for 1932-33. 
682. 

Rawlings, W. R. Speaking at Annual General Meeting, 
1932. 978. 

Rawlinson, W. F. Selectivity of broadcast receivers, (d). 
107. 

Rawll, R. H. 

Analysis of electricity supply costs, (d), 900. 
Change-over of l.t. distribution from d.c. to a.c. (d), 759 * 
Commercial cooking by electricity, (d), 185. 

Rayner, E. H. 

Absolute measurement of high electrical pressures, (d) 
16. 

Testing of radio receivers, (d), 130. 

Rayner, T. R. Growth of electrical measurement, (d), 527. 
Reactance and feeder switchgear. H. W. Clothier, (p), 307. 
Receivers, broadcast, selectivity of. C. L. Fortescue (p) 
102; (d), 103. 

- , radio, testing of. H. A. Thomas, (p), 114; (d), 125. 

Rectification, a.c., for power purposes. R. Macwhirter 
(P), 532. 

Rectifiers, valve, and induction furnaces. H. Hirst, (p), 965. 
Reeman, H. F. Modern boiler plant, (d), 594. 

Regan, E. K. Modern boiler plant, (d), 595. 

Regulations, Electricity, Council’s report on. 31. 

-, Wiring, Council’s report on. 31. 

Regulator, induction voltage, discussion on. 967. . 

Relays and automatic protection. H. W. Clothier, (p), 321. 

-, distance protective. R. O. Kapp and C. G. Carrothers, 

(p), 685. 

Report of the Council for 1931-32. 24. 

Representatives of Institution on other bodies. 33. 

Research Fund, War Thanksgiving. (Se^ War.) 

Research Station (Slough), Staff of. Circular time-base 
for cathode-ray oscillograph, (p), 82. 

Resonance method of wave-form analysis. C, F. J. Morgan, 
(p), 819 

Reviews of progress. (5^5 Progress Reviews.) 

Reynolds, E. A. Electrical heating of buildings, (d), 199. 
Rich, T. Speaking at Annual General Meeting, 1932. 977, 

; 978., 

Richards, H. W. H. 

Elected Member of Council. 402. , 

Electrification of Gt. Indian Peninsula Railway, (d), 954- 
Richardson, W. Electrical heating of buildings, (d), 194. 
Ripley, D. Change-over of l.t. distribution from 4-c. to a.c. 

(D), 758. 

RissiK, J. W. 

Analysis of electricity supply costs, (d), 896. 
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Rissik, J. W. {continued). 

Fault clearance on large networks, (d), 725. 

Metal-clad switchgear, automatic protection, etc. (d), 
339. 

Oil circuit-breaker design and performance, (d), 725. 
Ritter, E. S. Modern communication systems, (d), 791. 
Roberts, F. Awarded Students' Premium. 402. - 
Robertson, A. M; Bushing insulators for outdoor trans¬ 
formers. (d), 229. 

Robertson, A. P. 

Application of induction voltage regulator, (d), 968. 
Recent progress in large transformers, (d), 968. 
Robertson, D. Electrical heating of buildings, (d), 207. 
Robertson, F. S. 

Developments in cathode-ray oscillographs, (d), 74. 
Measurements with hot-filament cathode-ray tubes. 
(D), 74. 

Robinson, P. J. Modern boiler plant, (d), 589. 

Rocky Point effect in high-power valves. B. S. Gossling, 
(p), 460; (D), 483. 

Rodger, J. W. 
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